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FOREWORD

This report was prepared in compliance with the requirements for

the National Aeronautics and Space Administration Contract, NAS 8-4001,

Investigation of Engine-Comvonent Integration Study. The NASA tech-
nical monitors have been Mr, J. McCarty at the Marshal Space Flight

Center, and Mr, J. Suddreth at the 1'ASA headquarters,

ABSTRACT

(Unclassified Abstract)

sults of tbe investigations conducted under the
National Aeronmitics and Space Adninistration Comtract, NAS 844001,

Investigation of Engine-Component Integration Study, are presented

in this report. Component concepts for functional and packaging
integration were investigated for spacecraft and boosters, Space=-
craft propellant combinations considered were Op/Hp, F2/Ha, and
220},/NoH),~UDif (50-50) ; booster propellants were 02/Hp and 02/RP-l,
Evaluations were made of a number of system concepts, with and without
turbopumps. Preliminary-design layouts were nmade of the more-promising

concepts,
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INTRODUCTION

The superior simplicity and reliability of pressure-fed systems are
frequently the reasons for their selection in applications which
would othervwise suggest the use of pump-fed systems, Examples of
such applications are those wherein, small propulsion-system volumes
and/or long firing durations are desirable (or requirea), but the
additional requirements of maximum simplicity and reliability preclude

the use of typical pump-fed systems,

This study was initiated to investigate methods of making pump-fed
systems move cospetitive with the simplicity of pressure-fed systems,
and to investigate other concepts which could possess the desirable
characteristics of both pump-fed and pressure-fed systems, but would

not necessarily use conventional methods of pumping,

More specifically the objective was to evolve systems which, because
of their more efficient use of volume; possess greater operational-
simplicity, lower weights, and higher reliabilities than can be attained

by conventional pump-fed systems,

Concepts to be investigated were to be applicable to advanced booster
systems using LOp/LH, and LCp/RP-1; and to spacecraft systems using
L0, /LHp, LF,/Liy and Nzoh/NQHh-UDMH(SO~SO) as propellanis. Spacecraft

systems were to be considered for toth conventional and advanced nozzles,

FORM €600 8 (LEDGLR) RiV. ) SB
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The more-promising system and/or component concepts were to be

selected for preliminary design and layouﬁ. .
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SUMMARY

Functional system configurations were defined and rated on the basis
of operaticnal simplicity, weight and reliability., Further inves-
tigaticns and preliminary-design layouts were made for the optimum
systems selectkd on the bésis of the above criteria. These investi-

cations were of two types, namely, analytical and design.

The analytical investigations were primarily directéd at defining

and evaluating (1) novel methods of functionally integrating somewhat
conventional components, and (2) novel methods of accouplishing the
sawe function as the basic systems,'but with fewer and/or less complex
components, This latter effort consisted largely of evaluating
rethods of obtaining a high-chamber-pressure capability'withoutbusing

turbotumps or increasing prorellante-tank pressure,

The design investigations were primarily directed at defining novel
methods of physically integrating the componrents of the basic systems.
This generally produced some feedback to the basic systems, and the
tasic systems were modified as these investigations indicated how

further functional simplification could be achieved,

The effort to functionally integrate somewhat conventional components
has resulted in significant system simplification., This simplification
has been derived primarily from the use of cryogenic-actuated valves,
the tap-off turbine-drive concept, and catalytic main-chamber ignition

for 0p/Hp systems,

torm 08 B (LFDGER! REV § S8
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Using cryogenic propellants to actuate velves eliminates the require-
ment for a gas system for valve actuation; it also promotes physical .

integration of the components.

The tap-off turbine-driv% concept elimirates the conventional gas-
generator system, A novel start-sysien concept for use with a

multiple-start sterable-propel.ant system has been evolved, This
start-system uses stored tap-off gases to spin the turbine(s) for

the next start,

The use of a catalytically-ignited mixture of gaseous oxygen ard
. hydrogen for main=chamber ignition effects a significant simplification

for multiple-start 02/Hp systems by zéducing the ignition system to a

single passive component, the catalyst bed,

A nunber of concepts having a high-chamber-pressure capability, but
using fewer pumps than a conventional system (or no pumps) was investi-
gated, The most promising of these was the pulsing engine which is a

prescsure~fed, high charber-pressure, low tenx-pressure, intermittent-

comtustion engine, The work on the othe:r concepts of this type is

briefly summarized belows

(1) Pressure-Fed/Pump-Fed System - -

In this concept one propellant is pressure=-
fed while the other is pumped using a conventional

9 turvopump, It was considered for an F2/H2 system

FORM €08 B (LEDGER' REV. 1 %8
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(2)

(3)

(L)

FORM €0n B8 (LEDGER) REV. t S8

wherein the F; was pressure-fed, This has a
reliability advantage over an all pump-fed
system, and a small peyload advantage over an

all pressure-fed system,

Gas-Drive Jet-Pump - =

This was considered for pumping fluorine, In-
efficient separation of the drive gas and pumped
propellant resulted in a performance degradation.

that made the concept undesirable,

Jet-Pump-Fed /Pump~Fed System - =

This concept w¥s considered for an F,/H, system,

and used a condensing jet-pump (the drive fluid
is a vapor that condenses and becomes a part

of the pumped fluid -~ so no séparation is re-
quired) for the fluorine. It could be more
reliable than an all pump-fed system. A
rarametric payload comparison with aﬁ all

pressure~fed system has been made,

Shuttle-Feed Systems - =

Several of these systems were evaiuated to
determine feasibility and cycle rates, The

concept is a high chamber-pressure pressure-fed
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02/Hp system wherein propellants are expelled
(alternately) from two (for each propellant)
small high-pressure tanks by pressurizing with
catalytically'ignited 02/Hp. Some of the systems
proved to be infeasiole, The feasible one re-
cuired excescively large lines and valves to

achieve reasonable cycle rates,

A number of physical integration concepts was evolved. The more notable’

of these were highly integrated concepts using cryogenic-actuated valves,

and the use of a multiple-poppet valve concept to reduce feed-system

size for large=thrust engines. Design effort on other concepts is

briefly summarized belowt

FORM ROR B

(1) Propellant-Valve/Turbooump Concepts - «

(2)

ILFOGER) REV 1 S8

Two concepts for integration of main propellant
valves and turborumps were evolved, Both concepts
utilize a number of small valves integrated with
the pump housing. These concepts can effect size

and weight savings for large-thrust engines,

Cartridge Integration Concept = «=

The cartridge concept essentially consists of
designing components so they can be ®plugged® into

a hole. These holes are parts of a common manifold
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CONFIDENTIAL

and structural member which has built-in

passages for the propellant flow., Thus,

this concept tends to reduce system size

and weignt by having components "share®
structural elements,

Use of this concept is
shown for valves and turbopumps,

(3)

Start-System Integration -

Two highly-integratea stért~system concepts have been
evolved for use in

a

rultiple-start NTC/50-50 space-
creft engine.

(LY

Threc-Leg Gimbal Concept -

The three-leg gimbal concept integrates the gimbal
btearing, turust struciure, and propellant inlet ducts.
Trhis places thne gimkal voint closer to the engine center
of grevity, thus recucing the required actuator loads.

(%)

Tvbular Spherical-Cormbustor -

The tubular spnericel-combustor concept

is similar to the toroidal-comoustor concept (Ref. 12 ).
For low-thrust applications this concept may be easier
to cool and fabricate than a comperatle toroidal

comtustor, and may possess a weight advantage.

in investigation has been made of a scheme whereby this
concept could be used as a thrust-vector-control
device, with a fixed tinrust chamber.

The combtustor
would be ¢imbeled wnile the turist chamber remains fixed.
7
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APPROACH

The general method of approach was to first minimize system complexity

tnrough functional analysis and integration, and then to investigate

methods of physically intezrating the required corponents,

The functional analysis was followed by a rating of the defined
#"functionally-simple" systems to determine which were "optimum® with
respect to operational simplicity, weight, and reliability. These
foptima®" were then designated as basic syptems, and subsequent eval-
uations of various component and sibsystem concepts were based largely

7 . on their use in these systems,

Two tyves of investigations and evaluations of concepts were made,

namely, analytical and design,

The analytical investigations were primarily directed at defining

and evaluating,(l) novel methods of functionally integrating somewhat
conventional components, and (2) novel methods of accomplishing the
same function as the basic systems, but with rewer and/or less complex
comronents, This latter effort consisted largely of evaluating

methods of obtaining a high;Cuamber-pressure capability without using

turbopunps or-increasing prope.lant-tank pressure,

FORM £Cn 8 ' LEDGER REV. { 38
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The design investigations were priwarily éirected at defining novel
methods of physically integrating the components oi the basic systems,
This generally produced some feedback to the basic systems, and the
basic systems were nodified as these investigations indicated how

further functional simplification could be achieved.

Subsequently preliminary-design layouts were made of the moree

promising component and/or system concepts,

»
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'SEIECTION OF BASIC SESTEMS

The basic systems are those functional configurations selected as the

bases for the various ccrponent and sub-system investigations. Many of these
systems use turbopumps and, for the most part, somewhat conventional
corponents. Selection is based on ratings for operational simplicity,

weight, and reliability.
The selection process consisted of the following:

(1) Compilatior of data on existing engine systems,

(2) Definition of reliability guides for reliable configurations,
A 3

‘i';éﬁaiiﬁigjiﬁ determine how component functions

ould be combined for system simplification,

R A St T . T i

(4) Concept definition, and

(5) rating and selection of tne basic configurations.
DATA CUMPILATICN

Tre format chosen for the compilation and categerization of functional
data on somewhat conventional systems was the "morphological" chart,
Fig. 1 . Using tnis chart, one can define virtually all the possible
functional .configurations tnat can be formed using essentially conven-

tional components.

To define a concept one starts from tne top of the page and follows any

one of the nurcrous possible paths to the bottom of the page, listing the

10
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comgonents ::&t are in the blocks waich lie on the path followed. For
example, tne following is a functional description of a system defined

using this cTarts

(1) Ccrzustion chamber tap-off
(2) 3imgle, constant-speed, Jirect-drive turbine

(3)
(4) Centrifugal pumps

-arate nozzle for pump-drive exhaust

Q]

(5) :.tergolic propellants

{6) Y= throtiling

(1) Single start

(8) ?:eséﬁtéeladder valve sequencingrwiyh fuel as éctuating fluid

($) Tirotechnic hot-gas-spin turbine-start (solid spinner)

In this mar-er different configuratlons can be formed and evaluated; the
use of tniz cuart for conventional systems 1is discussed in more detail

below in trs discussion of functional analysis.
EXLIABILITY GUIDES

4 compilaticn of historical reliabvility data was made to serve as a

general re_lability guide during tne preliminary stages of concept

definitior.. Guides were estactlished for four categories, namely

(1) ~urbopumps

12
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(2) Turtine-2rive and Start Systems
(3) Throttling Methods

(L) Ignition Systems

Turbogumos

A brief cescription of .common turbopump failure-modes is given, and possible

remedies for each mode are suggested.

Leakage past the primary shaft-seals is a frequent occurrence. This problem
is more prevalent in cryogenic systems. The greatest reliability gain

in this area can be achieved by employing a double-#eal design with

adequate pxovisions for drainage between the seals. Reduction of fluid
pressure at the seal face, by suitable choice of various clearances, can

also irprove reliability in this area.

“earing-ludbrication failure results from an inadequate flow of lubricant.
;urt:ermore, inadeg:ate control of lutricant flow can, in the case of
excessive flow, lead to a failure-producing pressure-builcup in the pump

casings Trnerefore, special care mist be taizen to assure lubricant flow

is within acceptabtle limits.

Pump overspeed, resulting from cavitation, can result in catastrophic
turvopump failure. hLelizbility in this area can be irmproved by adequate

control of purmp NPSH or by use of an overspeed detection device.

13
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System contamination is a cause of numerous féilures. The frequency of
this mode of failure can be reduced by the prover use of filters. Care

in assembly, and rigid irspection are also helpful in this regard.

dunan error contrioutes to many malfunctions. This mode can be reduced
by erploying designs tiat minimize the human role in assembly and

utilization of the turborump, and by careful inspection.

Tivrbine-2rive and Start Systems

A list of some possible ccmbinations of turbine-drive and start systems
is Presented; these systems are ranked with regard to reliability. The
original data were generated for a thrust level of 50K using L02/Ln2 as
propellants, and were based on € engine starts. This is followed by a

trief general discussion of start-system reliability.

-t ranxing presented below should be a good guide for LF2/IH2 systems,
and a fair guide for NZG;/H2Hh-UEGi(SC-SO) systems. The system com-

blna\lono are listed below in order of decreasing reliability.

Turbine Drive Start
(1)  Tharust-chamber cooling- ' Gas spin
Jac<et tap-off y
(2) Thrust-chamber tap-off Gas spin
(3) Thrust-chamber tap-off Start tank
1
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Qs Thrust chamber cooling- Moropropellant gas-generator
jacket tap-off
(5) Bipropellant gas-generator Tank head
(€) ©Bipropellant gas-generator Siart tank
(7) Bipropellant gas-generatqr Gas spin
(8) Bipropellant gas-generator }bnopropellant gas-generator
(?) Thrust chamber tap-off Solid-propellant spinner
{10) Dual gas-generators Start tank
(11) Thrust chamber cooling- Solid-propellant spinner
Jacket tap-off
(12) ©Bipropellant pas-generator , | Salid;propellant spinner

Selection of a start system for any particular engine, especially where restart
éapability is iAvolved,.msy {of necessity) be influenced to a great extent by -
other sjstem features. From a reliability standpoint, however, the optimum
system, wnen feasible, is tank-head start. Yormally, it recuires only com-
conents that are already in the engine andi/or vehicle system. Pressure-fed
systems are naturally of this iyre. lowever, this method cannot alwa;s be

vsed for pump-fed systems, so one of the following systems is Irequently used.

The solid-prorellant gas-generator (SI°GG), also designated turbine spinner,
recresents the most reliable of these start systems for single-start applica-
tions. It possesses maximum sirplicity ard has rroven to be an extremely
reliable system in Rockeidyne engines. It is not particularl& adaptable to
multiple-start systems nowever, without a significant increase in system

corplexity and consequent degradation of the inﬁ%rent high reliability.

15
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In engines where LH2 is vsed as the fuel, spin-start of the turbine using
expanding gaseous-nydrogen is highly reliable, particularly waere multiple-
starts are required.. Its performance in the Rocketdyme J-2 engine has been

very satisfactory.

Other start Systems, utilizing hot-gas from a gas-generalor for initial spin
of the turbine, are quite rgliable and are within thne current state-of-the-
art. lany variations can be devised using onopropellant or bipropellant
ligufds, or hytrid systems for f2s-generation. Feliability of these systems
Can vary subrtantially derendirg on system complexity and propellants. The
siart-systems of systems 301, 302, 203, and 304 of thi; report illustrate
thls type of application. These systems, like the gaSeous-hydrogen spin-

start, are adaptztble to multiple-start systems.

Tnrottling Methods
Ir. considering thfottling of a liquid-provellant ergine, the rore feasible
methods fall into 3 gereral categories:
¥ 4

(1) Flow control upstrear: of injector

(2) Injection area control

(3) Propellant density control
~ach of these throttling'systems.must bte provided witn the Proper signal or
siznals to orerate through a servo-system or other means dependent on the
degree of throttling required. for the purposes of this discussion, we can
consider fhis function to be external to the control system under study. For
a particular throttling range or control requirement, the reiiability of the

System required to provide these signals would be essentially the same for all

the systems.

16
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In addition to this, a system of valves, actuators, gas-storage bottles,
etc. is required, dependent on the system under consideration; these
are the components that will be considered in this discussion of throttling-

system reliability.

Six basic systems will be considered; these are:
(1) Fomentum exchange
(2) Inert gas injection (in main lines)
(3) rain-line valve with inert-gas injection
(L) Main-line throttling-valve
(5) Movable-pintle injector
(6) Hot-gas injection (in main lines)

Theee systems are compatible with either a pressure-fed or a pump-fed
system. In addition, the pump-fed system presents another feasible
method for flow control upstream of the injector by control of pump

speed as indicated in proposed systems 102 and 202,

For optimum throttling-system reliability, the control system offering
the smallest increase in complexity and/or number of significantly
unreliable components is, generally speaking, the one to be selected,
Fer the above systems, this is represented bys:

(a) Control of pump speed (applicable to pump-fed only)

(b) Simple momentum exchange (see below)

17
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(¢) Main-line throttling-valve

(d) 1Inert-gas injection in main lines

(e) Hot-gas injection in main lines
Where these systems are adequate for the required degreé of thrust-level
control, they provide the minimum decrease in overall system reliability.
khere increased throttling range or more rigid throttling control is
required to perform the designated mission, the complexity of the throttling
system necessarily increases---with a resultant decrease in system reli-

ability.

The momentum exchange system ( (b) above) serves as a good example of
this factor, ﬁ:esinple momentum-exchange system, consisting of 2 on/off
valves and 2 tm'oftle valves in conjunction with a momentum-exchange ine
jector (a relatively simple injector) presents' an extremely reliable
system within certain limits of thrust~level control. Increased throttling
requires the addition of 2 more throttle valves and 2 gas-injectioh
valves to the system, consequently decreasing reliability, If deeper
torottling or more rigid control is required, an optimum momentum-exchange
system utilizing control of mixture~ratio in addition to the above-
described system is necessary, The increased complexity of this system
further degrades reliat‘;ility, but for optimum control of thrust level,

the trade-off must be made between reliability and perfommance and, if

P

applicable, other parameters such as weight, cost, ete,

18
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Main-line valve with inert-gas injection is another example of increased
complexity (being a combination of (¢) and (d) above), resulting in
reliability degradation, but providing deerer throttling and closer

control of thrust-level than either (¢) or (d).

.

The movable-pintle injector presents the lezst reliable of the aforemen-
tioned systems. This is due to the increased complexity of the control

system required for its operation.
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=T

Ignition Systems

Discussions are presented for 5 classes of ignition systems. These

discussions are based on current, feasible state-of-the-art,

From the standpoint of reliability, the optimum ignition system is one
in which the system propellants are hypergolic, or self-igniting on
contact, However, system performance or other considerations frequently

rule out this possibility, and an ignition device must be provided.

The most reliable system of this type is a hypergolic slug, sequenced to
precede one of the system propellants into the combustion chamber, thus

assuring ignition npon contact with the other propellant, This method is

widely used on current Rocketdyne engines and has proven extremely re-
liable. It is, hovever, primarily adeptable to single-start systems.
Its use in multiple-start applications results in increased complexity

and a consequent degradation of the high inherent reliability.

A somewhat similar ignition method which is more readily adaptable to
multiplé-start systems is catalytic ignition. This provides a greater
overall system reliability than the more complex pypergol system, In this
analysis, systems 101 and 102 are representative of this choice, and as

such possess optimum ignition-system reliability potential.

—_—

20
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Other ignition methods are the vse of an Augmented Spark Igniter (ASI)
system (consisting of spark exciter, monitor, spark plugs, and associated
wiring, etc.), or the use of spark plugs only to provide propellant
ignition. The A.5.I. systen can ve developed to a very hign reliability
level by tne use of redundancy, consisting of dual exciters,dual mon-
itors, and dual plugs. This redundant A.S.I. system is particularly

adaptable to a multiple-start system.

another ignition metrnod considered is tne use of pyrotechnic igniters;
tnese have been used extensively in various systems, but have proven
somewnat less reliable trnan the other systems discussed. Here again,

tnese igniters are not readily adaptable to multiple-start systems.

FUNCTIOKAL ANAIYSIS

Functional analysis for tne basic systems was initiated by defining the
gereral system requirements. ror spacecraft tinis meant systems that
were tonrottleatle znd resiarteble (Ref, 1), feor tecsters non-tarcttleable,

single-stari systems were to be considered.

Starting witn the above specifications, éffort was directed at defining
the nominal feed-system configurations, that is, systems that were known
to be feasib}e for each rropellant combination, and w.ich were reasonably
representative of optimum conventional systems. Based on this evaluationm,

tne feed system characteristics listed in Table 1 were selected.

21
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TABLE 1

SPACECRAFT (THRUST = LOK)

Propellants *Fuel Pump  *oxid, Pump Comments
(1) Lop/LHp Centrifugal  Centrifugal  Direct-drive turbines with

Puwmps on separate shafts

2) IF ‘Centrifugal Centrifugal Direct-drive turbines with
( Z/LHZ pumps on separate shafts

(3) N20),/NoH),~UDMH (50-50) Centrifugal Centrifugal Direct-drive single turbine
with pumps on a common shaft

BOOSTER (THRUST = &M)

. (L) Lop/1H, Axial Centrifugal  Direct-drive turbines with

e

Pumps on separate shafts

(5) Loo/RP-1 Centrifugal  Centrifugal Direct-drive single turbine
with pumps on a common shaft

¥Pumps used in throttlsable systems will utilize pre-whirl to minimize

®

NP5 requirements during throttling (Ref, 2 ).

22
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For purposes of initial concept comparison, it is'assumed tnat multiple
fuel or oxidizer pumps are not used. It should be noted that the optimum
number of purps for a € pound thrust engine has not been established;
hogever, a study to define this number is currently being conducted at

Focketdyne as part of another program.

Leview of 1.e possible systems wnich could be defined vsing Fig. 1 and
the data presented in the Reliability Section, indicated that use of the
following functional concepts would tend to reduce system complexity, and

improve reliability:

(1) ‘Cmeustion-chamber tap-off

(2) Hipergolic main propellants

_ (3) Pressure-ladder for valve sequencing--using fuel and/or
oxicizer for valve actuvation
(4) <Céas-spin sfart (for restartable systems)
(5) Hot-gas spin, solid spirner (for single start systems)
(€) variable line-pressure-drop for tnrottlable systems (tarottle-

*

valve in the tap-off line)

The aprlicability of all of these concepts to the propellants being con-
sidered in tnis rrogram is not obvious. In particular, two questions
have been raised during the course of this investigation:

(1) Cen cryogenic fluids effect acceptatle valve actuation?

.) (For use in pressure-ladder sequencing)

23
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(2) Can tne LOp/iP-1 and LO2/L32 propellant combinations be made

hypergolic without gross modifications?

in investigation of the possibility of actuating valves with cryogenic
fluiss has indicated trat the primary potential problem area is associated
witrn rhase changes of the actuating fluid curing valve actuation. Tnis
could cause irregularities in valve-actuation times. Experimental work

(dorie at Focketdyne early in the F-1 program) indicated acceptable valve-

actuetion could be achieved using a cryogenic fluid. In acddition,

o

ocxetdime's J-2 engine currently uses liquid oxygen to actuate the
con=rol valve for tie main oxidizer valve; operation of this valve has
been satisfactory. 3Sased on tnese data, it nhas been assumed tnat cry-

ogenic fluids can be successfully used for valve actuation.

™o r~ethods of raxing the 102/1H2 propellant combination hyrergolic are
cur:crntly being consicdered in tne industiry: (1) Addition of fluorine to
the -xvgen, and (2) Addition of czone fluvoride (03F2) to the oxygen.
Fecent experiments (ief. 3 ) indicate that cpproximately 35% L7, added
to L35 is required to make this combination hypergolic. Daia on O3F2
indi-ate 0.05¢ is sufficient for nypergolicity. No further consideration
is given to tnese aciitives. It is felt that to consider tne addition
of 377 LFp %o the 13, is outside the scope of this program, since it
would constitute a major cnange in propellants.’ The use of 0,Fp is not

considered to te compatible with the progranm objective of operational
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simplicity betause of the logistics problems that could arise from its

use. These difficulties sten f;pm two properties of 03?2, namely, its
= approximately 1€ day half-1ife and its tendency to decompose at terperatures

)

slightly higher tnan LO2 temperatures.

furtherrore, insofar as system concepts are concerned, should LD /Ln2 be
made hjterg 11c by use of some adiitive, it could then use concepts
evolved for the naturally hypergolic combination, LFZ/LHZ' Thus no
Promising concept is neglected simply because it is peculiar to hyper-

golic systems.

v

. wOr< at Focketdyne incicates that 02/}1?-1_ can be made nypergolic by the
addition of S%fto &% ;f flgorine to the oxygen. The gain in simplicity
for most 0,/KP-1 systems (single-start booster engines)\is probably not
Justified, since an ignition failure for such a booster would not be

catasirophic.

+
(@]
o)
-+

iis investigation of irnition-systen simplification (with
€7 rests on hypergolicity) the use of an ignition device utilizing the
Frincirle of celytic ignition of oXrgen and nydrogen was considered.
This Zevice could consist of an ignition cuamber and a catalyst bed.
Oxygen'and Rydrogen burning in the small ignitien chamber would be used

to ignite the main propellants. Considerable work has been done at

+y

Ocketd;me with such devices using research-tyre hardware. More recent
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experience includes design and test of such a device for the J-2 engine.
Indications are that this type of ignition system can be designed to
function witn high reliatility. For this reason, its feasibiiity is

é
i'resumed for the purposes of this study.
CONCEPT DEFINITION

In tne paragrapns tnat follow, briefi descriptions and explanatory notes
will be presented for a number of system concepts that have been defined
and rated. The operational simplicity, reliability, and weignt ratings of

tnese basic systems are subsegquently presented and discussed.

cecause ine operation of many of the systems presented in Figs. 3 through

i 20  is similar, complete descriptions will not be given for all the systems.
The primary events in the start sequence for system 101 are as follows:

(1) Electrical start signal opens tne normally closed start-tank
valve (STV), and closes the normally open oxidizer cut-off
valve (OCV) .

(2) Gas from tne start tank accelerates the turbopumps and pressure
starts to brvildup in the main lines.

(3) ain fuel valve (IFV) is opened by fuel pressure in the main
line; the igniter oxidizer valve (mechanically linked to ihe
main fuel valve) is opened; lines start to prime, and propel-

. lants start to burn in the catalytic ignition-chambers
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Pl Pressure Intensifier
PR Pressure Regulator
PS Pressure Switch
O ! Tezperature Detector
------ ' Mechanically Linked
-Ree~ — Electrically Linked
OP - Oxidizer Pump
0T - Oxidizer Turbine
FP - Fuel Pump
FT - Fuel Turbine
T - Turbine
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(L)
()

Iynition stage is acaieved.

I¢nition-stage chamber-pressure opens the main oxidizer valve,
and crnamber pre;sure starts to rise. '

Pressure switch (F3) in the tap-off line is actuated by the
pressure from the chamber indicating the system is ready to
bootstrap; actuation of this switch (which is electrically
linked to the start-tank valve) de-energizes (closes) the
start-tank valve (STV).

The system bootstraps, and mainstage ensues.

The start-tank is refilled from the twmrust-chamber cooling

jacket.

The cut-off sequence is:

(1)

(2)

(3)

Cut-off signal de-energizes two solenoid valves: the oxidizer
cut-off vealve (OCV), and tne start-tank valve; the latter was
already de-energized by the pressvre switch in the tao-off

line, bul this additional open switcn in the circuit is re-
quired to prevent the valve from opening when the pressuré
switch is deactuated by decaying tap-off pressure.

~e-energizing the OCV sends oxidizer to tue closing ports of

the MOV, thus closing it.

Chambver pressure decays, and tne mzin fuel valve closes; cut-off

is effected.

29
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System 102 is identical to system 101 except Ior the addition of a hot-gas

throttling valve in tne tap-off line, and a ==rvo motor for actuating the

System 103 aiffers from 101 in that it is a sinzle-start system which
uses a salid-propellant spinrer (SPGG) for stariing, a hypergolic fluid
for ignition, and a squib-actuated valve for cutoff. The start signal
ignites the solid-spinner, and after the ignizzr oxidizer-valve (IOV)

iz orered, oxidizer' pressure builds vp in tre =y pergol cartridge until
two turst diaphragms are ruptﬁred; hypergel fIuid taen enters the
cha~ter, and is followed ty igniter oxidizer, =—d ignition stage ensves.
The cutoff signal-actuates ;ksquib valve (QOCV) which allows oxidizer
from the main line to go to the closing port = the main oxidizer valve.
Cecayirz fuvel-punp discierge pressure closes inc main fuel valve, thus

*

elfecting cutoff.

System 104 is identical to 101 except for tne =zidition of & reciprocating
rictun pressure-intensifier (FI) on tne stert-<onk rechaigfing line. This
would zllow the start tank to te charged to, & nigher pressure than is

1 3

aveiletle directly from the turust-cnamber co:ling-jazcket. This could

effect re&ictions in start time, and system size and weight.
) E

is identical to 1CL except that a rressure regulator (PR) is
used 10 regulate the start-tank cischarge-pressure. This could improve

startirg characteristics, and eliminate the reed for high-pressure turbine-

30
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inlet manifolds, wiiich mignt otherwise be necessary for systems using a

pressure intensifier. .

t

ystem 201 differs from 101 in that the main oxidizer-valve and main

[9)}

fuel-valve are mecnhanically linked, and no igniter valve is used. No

igniter valve is required because thie propellants are hypergolic, and

toth are cryogenic.

Systen 202 is identical to 201 except for the acddition of a hot-gas

tirottling valve in the tap-off line.

System 203 differs from 201 in tkRat a pressure intensifier is used in
tne start-tank recharging line, and a two-stage fuel valve is used. In
this concept the fuel valve opens in two steps; the second step of
opening is linked to tre main-oxidizer valve. Thg second step cannot
occur until an appropriate te~perature is sernsed at the.fuel injector,
thus indicating that the fuel system nas been rrimed, and if required,
adequately ciiilled down. Tais prevides a flexipility tnat could be
gu

reguired for suitable fuel lead at igrnition, and rre-ignition chill

down.

System 204 is identical %o 203 except tuat a pressuie regulator (PR) is

used to regulate the start-tanx disciuarge-pressure.

FORM eor B (1 FDGER! REV | 58



[

< N(CK,ED DV_

OA[‘:

IROCK LTI Y TN EE
Prepamecey :

A DIV ON OF NQCTRITH ANE i<

b oL Fize ’8

LAN AVIATIQN NG

PAGE NO_

OF

REFPORY NO

L System 201

MODEL NO.

"

START STV

Notes

Fo/H,

Multiple-start

Non-throttleavle




PREPARED BY

DATE
| oATE

LHECKED BY

.. oystem 202

NROCKIZTTIIDY N E

A DIVISIDON OF NORTH AMEMRICAN AVIATION ING

Fig. 9

PAGE NO or

REPORT NO

MODEL NO

=

Notes

Fo/Hy
Hult}ple-start
Throttleable

4

MEV

37



NoneThrottleable

rerare . s KETIDYNE race wo. ce
» | oecxen v, Figure 10s REPORT MO,
DATEs System 203 MODEL NO,
o Fl-. |F
[ e
11
1] '
START STV
TANK
A
MoV i i
iy
er D ) |
i
A i
{
= i
. ‘ or--————-- ——
] . Y
Yotes
Fa/Hy '
Multiple-start

38




RN

IROCK - T I1ID2Y W

PPEPAVQEVQ By PAGE NO

B8 D v SIS OF e Tt ANER SR AW IATICN 1S
€ “

o Fi{‘)‘. 131 i R _. _] reroRrT NO

\;t‘f_(;KED 8y

| oave. L N B SystqvaOh ) o MODEL NO
(o] F
T P
. .
1
1t
STV
Stanr o
Tanw 2
g A
> L.I::l_. Eg
—5g - ----- ---453—i
MFV i
T '
ta » 1
!
}
A I
— i
< [
D-b ————— — . - — —— v— =l
Yotes
Fo /iy
imltizle-ctart

Len=Throttleable

39




ROCKETDY NE

A DIVISION OF NORTH AMERICAN AVIATION 1NC

y
System 205 J(iffers from 201 in that it has no oxidizer turbopump. It

utilizes a concdensing jet-pump (see section on concept evaluation) to
purp the oxidizer. A gas generator for producing the jet-pump drive-

fluid is not shown.
Tne primary events in the start sequence for system 301 are:

(1) Zlectirical signal opens the normally closed start-tank valve
(3TV) and tne normally closed (NC) flow paths of the main
control-valve (MCV),

{2) 53tart propellant enters tne gas generator and start to
decompqsg,

(3) Gas-géne”rator gas accelerates the turtopump and pressure
starts to build up in tne main lines,

(L) The main fuel valve (3FV) is opened t; fuel-purp discharge pres-
sufe, and »ridizer igniter low prasses trrougn the XCV on its
way to tne tnrust chamber,

(8) Fuel flow and igniter-oxidizer flow enier the thrust chamber,
and ignition is established,

(€) Ignition-stage chamber-pressure’ (sensed through the fuel-inlet
manifold) opens the —ain oxidizer valve, and chamber pressure
starts to rise,

(7) Pressure switch (PS) in the tap-off line is actvated by the

pressure from tne chamber indicating tne system is ready to

Lo
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bootstrep; actuvation of this switch (which is electrically linked
to tne STV) de-energizes (closes) the STV.

(8) The system tootstreps and mainstage is establisned.

System 302 differs frem 301 in that a bi-propellant gas-generator start-

system is used insteac of a monopropellant system,

System 303 1is identical to 302 except that the bi-propellant start-tanks
are sized only for a single start, and are refilled during mainstage

L )
operation for the next start.

System 304 is identical to 201 except for the addition of a hot-gas

throttling valve in tne tap-off line.

System 305 differs frorm 101 in that it uses stored tap-off gases for
turbine power during start. These gases are extracted from the tap-off
lire during engine operation; the pressure intensifier (PI) is used to

increase the storage rressure avove that availsble from tne tap-off line.

System 30€ is a pulsing-engine system. The pulsing engine is a pressuie-

fed, high chamber-rressure, low tank-oressure, pvlsing engine (see

section on conceprt evalvation). The propellant valves are sized so a

"large" amount of prorellant flows into #he chamber before cnamber pressure
~

starts to rise. The propellant valves are closed, ignition occurs, and

chamber pressure rises to a value much higher than the tank pressurs.

L8
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Chamber pressure decays, the propellant valves open (admitting a new

charre of propellant), and the cycle is repeated.' .

System 307 is identical to 305 except that it does not use a pressure

intensifier in the start-tanx recharging line.

System U0l is very rmch like the 02/H2 booster system, system 103. It
differs in that igniter fuel is used instead of igniter oxidizer; i.e.,
the main oxiiizer valve opens first, whereas in 103 the main fuel valve

opens firste.

FATING AND S:ELHCTICN

The basic systems defined in the preceding section have been rated (rela-
tive to one another) for operational simplicity, weight, and reliability.
In addition a mumber of modified coenfigurations (designated systems

101-4, 101-3,%tc.) have been rated. Thnese modifications were made to

increase reliability, and are described in the footnotes to Table 2. .

Tne purpose of this rating was to determire which s stems were "optimum"
on the vasis of the above criteria. In defining overall ratings, the
reliatility ratings were weighted (as described below) to determine if

tnis altered the ranking of tue various systems.

Operational-sirplicity ratings were defined on the basis of: (1) the

number of mzjor system cormponents, (2) the number of events in the start

L9
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sequence, and (3) the number of events in the cutoff sequence (simpler

systems have higher ratings).

The detailed rating method consists of assigning a separate percentile
rating to each system in each category (operational simplicity, etc.). That
is, all the systems are ranked (in each category), and a system's percen-
tile rating indicates wnat Percent of the total number of systems ranks
below it. The unweighted over-all system rating is simply the average of
the tnree (one for each category) percentile ratings. ‘eighted ratings

are obtained by multiplying the three ratings by suitatle factors, then

comruting the over-all rating.

For example, céﬁsider a system naving unweighted ratings of €0, 70, 80

for o?eratiohéiyggéﬁlicity, weirht ahd reliability, respectively. Let

us base tne weighting on reliability teing 1.5 times as important as
orerational sirplicity, and low weight 2.0 times as irportant as
crerational sirplicity. Unweignted and weighted ratings would be computed
as snown below:

Unweighted (i.e., equal weighting)---

1(60) + 1(70) + 1(80)
1+1 +1

vieighted---

Fating = 1(60)11227?)1*51'5(80) = 7.1

52
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hatings for the basic systems and modified systems are presented in Table
2 . The results of weighting reliability by z facter of L.0, and oper-
ational simplicity and weight by a factor of 1.0 are also shown. This
weighting was considered because it is anticipated tnat tne desire for
greater reliability is the factor likeliest to affect system selection

for tne types of systems considared in this program. In addition, it was
found tnat tne factor of 4.0 was the srmallest value that would alter the

system rankings based on over-all ratings.

4s can be seen from the data in Tuble 2 , the variations in over-all
ratings among any basic system and its modifications are small. For
exarple, consider system 201 and its two modifications, 201-A and 201-B;
the range is &8:57 to 71.35 for the unweighted and 59.31 to €L.87 for the

weigrnted ratings. .

Zecause the ratings are so similar for the various basic systems and their
rodificatiorns, only tasic systems have teen selected for preliminary-
desjgn.an layout. It is apparent from the nzture of the modifications
that integration concepts evolved for trne tasic configurations should be

readily adaptable to tne modifled configurations, so no real limitation

kel

results from using tre basic systems in this manner.
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COXCEPT INVESTIZATICN AND EVALUATION

;nalytical and design investizz*ions and evaluations nave been made for

a nuricer of concepts including inose selected in the preceding section.

Analytical investigations generzlly consisted of determining feasibility
and performance, and of making rayload comparisons with more conventional

systems.

Design investigations consisted primarily of investigating means of
piaysically integrating comporenis and subsystems for the more promising

0y

tasic systems.

NOMINAL PARAMETER SELECTION

l'ominal values of tprust, chamtsr pressure, and mixture ratio were
selected to provide a basis f>r sizing various corponents during con-
cert evolution. TwWo sets of n:-inal values of thrust, chamber pressure,
arca ratio and mixture ratio wsre selected; one for spacecraft, the other
for boosters. The selected velies are listed in Table 3 and are dis-

cussed below in some detail.

58
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TABLE 3

SPACECFAFT (TEFUST = LOK)

i 4
Fropellants Chamber Pressure Area Ratio rixture Ratio
LF,/LH, 500 180 10.0
M50, /ligH) -UDMi(50-50) 500 165 2.1

BOUSTERS (THRUST = €M)

Mbﬂﬁz 1800 LS 5.0

L0,/5P-1 2200 55 2.24

The thrust-level of LOX for spacecraft was selected because it is a
value frequently merntioned as arpropriate for a high-energy upper-stage
enrire. Furthermore, this is a thrust-level which is reascnatly repre-
sentative of both the smallest pump-fed spacecraft engines being con-
sicdered today, and thne largest spacecraft engines that czn be used with

oresently planred lower stages.

The charber pressure of SU0 was chosen because it is sufZiciently high
10 show a distinct size advantage over optimum pressure-fed systems and

nigh enougn to give near-optimum payloads® (within one percent of optimum,

*3ased on A7 = 10,000 fps and F)4.= 0.4

59
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Fef. 1 ). It should be noted that this chamber pressure may have to be
reduced for some nozzle configurations if regeneratively-cooled cnambers

are used.

Area ratios were selected to be consistent with a payload that was one

percent less than optirum (Ref. 1 ).

¥ixture ratios were selected using tne method of RFef.1l wherein a
copromise value between the optima for frozen performance and equilib-
rivm performance is cnosen so as to minimize tne potential payload

loss.

Fasing the above selections on a payload tnat is one percent less than
optimum, was done somewhat arbitrarily. However, it is felt that this
is justifisble, since the pzrameters are being uvsed primarily for sizing

corronents, etc.

zooster parameters were selected on a similar basis. The cnanmber pressures
»

are a little lower than optimim values, in tne interest of reliability;

h.ese values were cnosen such that the required coolant pressuvre dror was

approxirmately equal to the chamber pressure.
NUMINAL FLOWRATES

nominal system {lowrates were determined for a rerresentative group of

basic systems to provide data for use in sizing individual components.

60
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These flowrates are based on mass and energy balances for steady-state

operation of the listed systems.

ngine perfcmmance and flows, etc., are presented in Table L below:

TABLE 4

ENCINE PERFORMANCE

System 203 302 103 h-Ol
Propellants LF,/LH, NTO /50-50 102/LH2 IDQ/RP-I
Te 437.7 338.5 380.7 295.9

F WOX(1AC)  LOX(VAC) €M(5L) %(5L)
Nozzle Type  Eell Bell Aerospike Aerospike
P, 500 500 1600 2200

€ 160 165 LS 55

ME, 10.0 2.1 5.0 2.2
oo 83.1 38.1 13,134 14,020
Tre 8.3 80.1 2¢27 6259

A 9.4 118.1 15,7€1 20,279

FARM A0 8 1LIDBER) REV 1 Sg
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where: 5y
Ie - engine specific-impulse
F - engine tarust, vacuum (VAC) or sea level (sL)
P, - chamber pressure (psia)
€ - nozzle expansion-area ratio
1Ry - engine mixture-ratio (oxidizer/fuel)
Ve - total engine oxidizer-flowrate (1bs/sec)
&fe - total engine fuel-flowrate
Wt - turbine(s) flowrate

e T ANt d:

ANALYTICAL INVESTIGATICKS

Start Systems =

L start-system analysis was made 10 estimate relative start-times; weignts,
and volumes for z numter of possitle miltiple-start gas-spin stari-systems,
ard to get an indication of thre feasibility of the novel start system de-
signated tap-off gas spin-start. Tnls system (Figure 21 ) could provide
an extremely simcle nmeans of restarting an WT0/50-50 spacecraft system.
This system would extract frel-rici: yases from thne thrust chamber and
store tnem in a pressure vottle for use in spinning the turbine for the
next start. The results of the analysis served to puide the more detailed
definition of tne selected concepts. The prspellant combinations considered
: \
were LOp/Li,, IF,/L¥, and ::zcu/rzzah-uam(so-So). The systems were rated

on tre basis of time required to start (defined as 90 of rated thrust),
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weight and volume.

Tor LO2/L32 and LFQ/LH2 systems, stored gaseous-nhydrogen at 3000 psia and
hOOOR regulated to 600 psia during start-uz is rated nighest. The high
storage-pressure is achieved using a reciprocating-piston pressure inten-
sifier to increase £he pressure above that obtainable directly from the
snrust-cnember cooling-jacket. This system 1is snown achematically in

Fig. 22 .

For the WT10/50-50 system, start-tank blowiowns from pressures of 1000
psia, 60U psia, and LOO psia (all at 80c°r) were all rated equally.
Since tnese data are based on a system wiin a cramber pressure of 500
psia, tne first systems would require pressure intensifiers as shown in
Fi-ure 21 . Therefore, blowdown from LOC psia would be "optimum based

on operational sim licity, weight, and reliability.

Tcble 5 contains a list of tne systers earalyzed:

- ‘Table 5

Propellants Pressurant Terverature (°R) Control
FZ/HZ Hp 1,00 kegulated
H2 - 400 _ Slowdown

) FZ/HZ 1460 3lowdown
0,/Ho Hy 1400 Regulated
Hs 4,00 Elowdown

0,/H ‘ 1460 £lowdown

NT0/50-50 .’%O -50 c00 - Hlowdown

6l
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For each regulated system, storage pressures of 1200, 1800, 2400, arnd

3000 psie were considergd. The btottle storage pressure was regulated

to €00 psia. ror each blowdown system, storage pressures of 600 and

1200 psia were considered with storage volumes of 2000 and LOOO cubic

inches each.

Start times, weights, volumes, and percentile ratings for tne systecs
are presented in Table 6 . It is of interest to note that the hydro-
gen system in spite of the lower terperature than either tipropellant
system (LGz/Lﬁz and LFQ/LHZ) provides a more rarid start cue to its

superior molecular weignt and specific heat.

4 .
Tue analysis for the tap-off gas spin-start system descrited (in part)

avove indicated that a LOX engine could probatly be started using

tap-off pases initially stored at a terperature of approxiiately LOOCF

4

with trne re-start occurring tefore tie terperature drops velow 70°F.

It may be tnat tnc pases could be stored at an even hicher initial
teperature, wiich would be desiratle, since storaje at L00°F could
require cooling tne gsses before storage. This was not irvestigated
during tnis study. Lowever, further work is required (see Vol. I --
Sugpested Aaditional Vork) to substantiate the results of these analy-
ses. The primary uncertainties involved are tap-off gas properties for

the conditions described.
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Pulsing Engine

Tne pulsing engine is a pressure-fed, nigh chamber-pressure, low tank-
Pressure, pulsing engine. The primary features of the engine are check
valves near the injector and main propellant-valves (Fig. 23 ). The
crecx valves are sized so a "large" amount of propellant flows into

tne charber before cramver pressure ouilds up enough to close the check
vaives. Trhe propellant burns and the chamber pressure tuilds up to a
large value (considerably greater than tank pressure) which closes the
check valves. Chamber pfessure decays, tne check valves open, and the
cycle is rereated. This confijuration probably represents the sirmplest
form tnis concept could assure. 4 slightly less simple configuration,
Figure 2b should be easier to test and develop. Tris configuration
operates in a siailar fashion; the only difference being tuat propellant
flow is regulated by an electrically actvated valve. ZEvaluation of

the pulsing-engire concert was based on the latter configuration
(Firre 2k ), and consisted estirating performance and operating char-

4
acteristics for a range of thrusts.

-~

nls analysis was conducted using a mouified start-transient computer
Program with distributed-parameter flow equations. L1l systems considered
Liad total propellant flow areas that were equa: to the thrustechamber

throat area,
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The Tesults of this analysis are summarized in Figure 25 ., These data
also indicated that the time-average (effective) specific-impulse (for
the part of the cycle in which thrust 1s being produced) was 95 to 98%
of the maximun specific impulse obtained during the cycle. This assunes
that combustion at each transient condicion is comparable to what would
be obtained for steady-state operation under the same conditions, Four
pasic systems were analyzed using the NTO/50-50 propellant combination.
These systems had throat areas of 0,1, 1.0, 10.0, and 100.0 in?, From
the family of curves in Figure 25, it is possibple to determine the com=
bustion cycle-rate and/or ignition delay required to obtain a given
maxiaun chamber pressure or maximum thiuste The time-average thrusts are
also plotted. Trends in all these system parameters can be readily

identified from this plot.

The effect of combustion-chamber georetry was investigated by varying
+he combustion-chamber characteristic length (L*) for one of the basic
systems. The effectsof this variation on maxirnum chanber pressure,

mexinum thrust, and cycle rave are shown in Figure 26.

The effect of variations in propellant-line size was also investigated.

It was found that, if all other system paramelers were held constant,
chamber pressure and thrust were directly proportional to total propellant
line area. The cycle rate is reduced slightly as the line area increases

due to a higher chamber pressure at the initiation of nozzle blowdown,

T2
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O

2 ignition delay = ,00L sec),

For the system analyzed (AT = 1.0 in
doubling the total propellant line area, reduced in cycle rate from 50
to L5 cps while decreasing the total propellant line area by a factor

of two increased cycle rate from 50 to 55 cps.

Figure 27 presents the results of payload comparisons with optimum
pressure-fed systems at thrust levels of .5k, 2K, and LOK pounds. System
weights and operating parameters were obtained from the "Engine Operating
Paraneter Optimization Program® (Ref. 1 ). As is shown, the payload

advantage increases with velocity increment and decreasing thrust,

For the most part, the payload advantage over pressure-fed systems is not
appreciable, However, the reduction in propulsion system size is substantial

(Figures 28 and 29 ),

The reraining figures in this section contain parametric data used to

generate the summary curves (Figure 25 ), and are discussed briefly below.

Figure 30 presents a plot of maximum chamber pressure versus throat area
for parametric ignition delay, As can be seen the maximum chamber pressure

is a stirong function of iznition delay.,

Figure 31 presents a plot of maximum thrusv versus throat area for
rarametric ignition delay, A thrust of nearly 400,000 pounds is obtained
y

with a system wnich has a 100 in? tiroat area and a «012 second ignition

delay.
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Thrust = 500 lba
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Fig. 28,

Size Compariscn - = Pressure~Fed and Pulsing Engines
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78




BOIY 4BOJYL B8A exnsselg Joqueysy feurduy Jursinyg *0f *IWI
&T = veuy 3woayy .

{

eTsd = (unuTxBu) sanssard Jequeyd

ﬂ OQSH .ow 08 03 cOﬂ QON OQO.H QQ 00 QJ lm QN OQ.H w. 00 Jo ﬂ' N.
]
\ [ —
——
/’.1]
II‘.II
Oosg JONV. /
——
T
e /ll[ Mu..)n
1 D
q‘ /

098 gCo® | |

088 g10° I.I.Il.r;.,jf . .....Irl.....Tl...:..J!ll-.l
I — =l
—~— N /
KeToq uotyTUdY T ——
T
OO -3 /
uT §E = 71
05=05/01:

1-‘013.



v o

BOIy jeoayy 8A jsnayy ‘eutduy 3ursynyg

8qQT = (umurpeet) 3sNIyY

*I€ *3%g

<0t o) €Ot 20T ot
\ 4
\\\ \ [ \ T
/ e
A \ /.
7T 4 ¢
) /1 T
A /. A
y, 7 7 9°
4 \ .
935 10" 7~ 8
(o) ¢
/\ Y A
§ pANY )
L/ . \
x\ \ 4 | °t
i pd / 4 L N
i / S goo* A A
— VA Z. T *9
y4 » 4 ; ; .
y4 ’ / 8
y \vmu :oo.\ 0®01
vd / d
/ ; °02
A \ \ r,,
yaw / *0¢
7 2985 '200° on
/ [TTT 09 = 3
~ VA ZeToQ UOTYTUCT .:ﬁ\wmmm %1 *09
y4 I T ST . 04=05/01K °08
2z 1 111 P F S S ] 0°00T

RN

= BaJIY jrv0Iy]

FAld



@

»

RNROCKETDY WNE

A TISION OF NORTH AMERICAN AVIATION INC

Figure 32 presents a plot of combustion cycle rate versus throat area
for parametric ignition delay, Cycle rate is a strong function of

the ignition delay,

Figure 33 presents a nlot of time average vhrust versus throat area,

The chamber pressure required to produce the time average thrust (with

the same throat area and area ratio) in a non-pulsing engine is also shown.

Pressure-Fed /Pump-Fed System

The combined pump-fed/pressure-fed system has a potential size and weight
advantage over the all pressure-fed system, and a reliability advantage |
over the all pump-fed system, The advantage over pressure-fed sjrs'oems
results from the combination system having a higher optimum chamber
bressure., Favorzble comparison with pump-fed systems results from elimi-
nating the unreliability asssciated with one of the turbopumps, This
latter advantage appeared to be espécially attractive for F2/H2 systems
vierein the fluorine pump could be eliminated. This could significantly
duce the time and cost requ;‘fred to develope a high chamber-pressure .
(i.e., higher than pressure-fed optimum) F2/H2 system, since the current
"state-of-the-art" of hydrogen punps is fairly well advanced, For these
reasons, a mission analysis and chanber-pressure area-ratio optimization
were made to compare a pressure-fed and combined system using Fp/Hp, This

optimization was made using the methods of Ref. 1.
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The results of the optimization portion of this analysis are presented
in Table 7 below. These data are based on a thrust level of LOK, a

N
stage initial thrust-to-weight ratio of 0.}, and a gross-velocity in-

crement of 10,000 feet per second,

Table 7

Ootimum Parareters Pressure-Fed System Combined System

Chamber Pressure 0 120

Area Ratio 120 140

Tne effect of going to the combined system (instead of a pressure-fed
system) is as expected, chamber pressure and area ratio optimize at
higher values, - This effect could be utilized in either of two ways.

Both the hizher chamber pressure and the higher area ratio could be used,
thereby improving performance and payload ~-- this payload increase is
approximately 2,5% for the thrusts that were considered, viz., LOK and
60K. Alternatively, the higher chamber pressure and some area ratio
smaller than optimun could be used to provide a propulsion system having
a significantly smaller volume; this system would probably still possess

a performance and payload advantage,

The attractiveness of this concept is, of course, directly linked to the
attractiveness of the payload gain and/or size reduction associated with

it. Under some circumstances, these gains may be sufficient to warrant

utilization of the concept,

8l
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In a similar comparison with an optimum all pump-fed system, the com-
bined system had an approximately L% lower payload, Thus, in.considering
the use of the combined system instead of a pump-ied system, one must

establish a tradeoff between reliability and payload.

A possible system configuration for this system is presented in the

Design Section of this reporte

Gas-Drive Jet-Pump

™e gas-drive jet pump was investigated as a possible means of obtaining
hizher chamber pressures using a simple pumping device. It is, in essence,
a device which converts the internal energy of a pressurized gas to
kinetic energy of a liquid-gas strean, from wnich momentum can then be
transferred to the pumped fluid, Past studies have resulted in consid-
grable knowledge of jet pump operation, ihcluding the governing equations
and performance evaluation, Esperimental programs have resulted in
component efficiency values and have uncovered important factors in hard-
ware design. However, no work has been done to date on the integration

of the jet pump into a vehicle-engine system. It was the intent of this

analysis to evaluate the utility of jet pumps and to compare them with

pressure-fed operation,
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It should be pointed out that there are many variations of the basic

s
Jet-oump, of which only one is investigated herein, Results of this

analysis are not necessarily applicable to other variations,

The gas-drive Jet~pump as Suggested by previous investigators (Ref, L, S, 6)

can be represented by the block diagram shown in Fig., 3k,

The purpose of each of the components isg

Injectors:

Drive Nozzles

Mixers

Separators

CEM fLA B (1 FDGER REYV | g

Mixes incoming high-pressure drive-gas with
feedback high-pressure drive-liquid in much
the same way a propellant injector mixes fuel

and oxidizer,

Accelerates the resulting two-phase mixture
to high velocity (typically 600 ft/sec) and

low pressure,

Introduces the pumped fluid at low pressure,
causing a momentun exchange to take place,

Velocity is imparted to the pumnped fluid,

The drive gas is allowed to escape while
the pumped liquid and feedoack liquid are

deflected into the diffuser,

»
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Diffusers The dynamic pressure of the fluid stream is
converted to static pressure. A portion is
then diverted to constitute the feedback
liquid, and the remainder flows out through

the discharge duct,

The equations for the operation of the jet pump srown in Fig, 3L have
been derived in Ref, 6 . With certain assumptions the equation for
fgas consumption® is shown to be:

ﬁG 1+ V1 - K2 Pp - Ps W

— =

¥ip K° In Py/Ps Ro TN AL

(1)

>

Mg = drive-gas flow rate

Mp = pumped-fluid flow rate (discharge)

Pp = cdischarge pressure

Pg = suction pressure (in mixer)

Py = drive-nozzle pressure (drive-gas inlet—préssure minus

injector pressure~drop)

W = molecular weight of drive-gas

TN = nozzle temperature
AL ™ putped fluid density
ﬁ = universal gas constant (15iL (ft-1b) lb-mole ©R)

K = momentun recovery factor of jet pump

88
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Furthermore, K can be resolved into:

where
K1 = nozzle velocity recovery factor
K2 = mixer momentum recovery factor
K3 = mass recovery factor
K}, = separator velocity recovery factor

Kp = diffuser efficiency

The assumptions incorpérated in Equation (1) are:
(1) Pp - Py 100
(2) Optimum feedback ratio
both of which are easily attained. The K values account for deviations

from ideal processes in the various components of the pump,

A large amount of theoretical and experimental work has been done
enploying the described jet pump and the abqve equations, Theoretical
efforts have been directed toward rocket engine pumping problems, i.e.,
specific propellants, (Ref, 6 ), and toward more sophisticated
analytical models of the components (Ref. 7,8). Experimental work has
resulted in a knowledge of attainable values for the recovery factors
(Ref, S5 ). Wnile it is not practical to repeat here all of the results

of these works, the more important conclusions may be summarizedi
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(1)
(2)

(3)

(L)

(5)

(&)

A gas-drive jet-pump can be readily started and operated.
Fundamental limitations restrict the momentum recovery
factor to K = 0.8 or less, Present technology sets it at
K = 0,6,

The separator mass recovery factor K3 is .90-.95 percent
at best, indicating that 5-10 percent of the propellant
flow is lost with the drive gas,. /
Jet-pump gas-consumption rates always exceed those of
both pressure and turbopump systems, generally by a
factor of 2 to L.

Jet pumps generally weigh only 1/2 to 1/3 as much as a
comparable turbopump,

Jet pumps are inberently simple, and therefore may have a

rcliability advantage over turbopumps,

These facts irdicate that tne gas-drive jet-pump will not compare favor-

ably with a pressure-fed or turbopump system, although some advantages

do exist.

This conclusion must be drawn primarily because of the pro-

pellant loss with the drive gas at the separator which has the effect of

decreasing specific impulse by 5-10 percent, and because of the correspond-

ing high drive-gas consumption.

90
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To determine how large a payloac loss would be associated with the use
of a gas-drive jet-pump, a brief mission analysis and comparison was made

based on an existing FQ/HZHh system,

A differerce in the stage payload capabilities results from the changes
in component weights when the pressurized system is converted to use
the jet pump. 1In addition, a decrease in specific impuise resﬁlta due
to the loss of propellant at the separator, These effects are summarized
below:

AV~ ~ Main tanks

D2 A Helium tanks

AW-~ ~ Residual gases and vapors

AY:z ~ Jet pumps

-AV/gyIg

Wy, A€ ~ Specific impulse
The algebrzic sum of these terms is then the payload difference between
the two systems. It is seen that changes in payload due to weight
savings are independent of mission requirements and engine performance
if the initial stage weight, Wo, 1s held constent. This is a good assump-
tion for small changes in payload and specific impulse, and allows
straight-forward evaluation of payload changes. The payload loss due to
decreased performance (Ig) is, however, dependent on the specific impulse,

velocity increment, and initial weight., For this reason a velocity increment

91
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of 20,000 ft/sec was arbitrarily selected., The specific impulse of the
Jjet-pump system was taken to be 6% less than that of the pressure-fed
systems ‘leight changes may be found by calculating the weight of each
comronent based on requirements of the jet pump system and subtracting
it from the corresponding weight of the pressure-fed system, A weight
savings will then be positive and a loss negative, Briefly, it is
found that a weight savings results trom the lower main-tank pressure
and lesser amount of residual gases and vapors, Weight penalties result
from an increased amount of helium and the addition of the pump, The
decrease in Ig, of course, results in a payload loss,
~‘ By assuming the following reasonable values of the parameters, the weight
differences and resulting pPayload decrease may b: found:

K = 0,5

K3 = 0,94 (6% propellant loss)

Pp = 300 psia

Pg = [0 psia

Py = 300 psia

Ty = 306°F (oxidizer)

Ty = 50°F  (Fuel)

/2L = 93.7 1b/rt3 (oxidizer)
2L = 62,4 1b/£t3 (fuel)

92
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The weight values are calculated to bes

AWyr = +318 1bs

DYy = =530 1bs

AWgg = + 25 1bs
AWgp = = 13.7 1bs
~QAV/g 1
wo A€ DB | as 1us
PL = ‘h33o7 1lbs

It is readily seen that large penalties are paid for the high drive-gas
flow-rates and the propellant loss at the separawor, This payload loss
is approximately L8%. This loss is, of course, dependent upon the mission
AV; the percent loss decreases as AV decreases, and is approxinmately
12% when AV = 10,000 ft/sec. For.the jet pump to show better results, it
would be necessary to reduce the drive-gas flow-rate, thereby decreasing
weight penalties associated with the heiium tank; or to regain the specific
impulse lost in propellant escape, The foruer requires further irprove=
ment of jet pump operation, while the l&tter recuires consideration of
methods of using the escaping helium and propellant, The suggested
technigues for using the separator discharge are:

(1) Dumping it back into the propellant tanks, necessitating

. an inducer pump in the feed line,

(2) Secondary injection in the thrust chamber,

93
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Improvement of jet~pump operation may result either from improvements of
the indivicdual components of the gas-drive jet-pump, or from variations

of the basic cycle,

Based on the above analysis, use of the gas—irive jet-pump system instead
of a pressure-fed system does not appear attractive, Furthermore, indi-
cations are that the payload loss associate%’with using &8 jet-pump system

instead of a pump-fed (centrifugal or axizl) system would be near 20%

(AV = 10,000)0

Jet-Purn-Fed/Pump~Fed System

Analysis of the gas—drive jet-pump (non-condensing) in the preceding
section indicated that the major disadvantage of the jet-pump system
resulted from the loss of propellant when separating the drive gas from

the licuid being pumped, In this section the condensing jet-pump is
considered, This is a concept wherein the drive fluid is completely
cordensed and passes thr9ugh the pump along with the driven liquid., This
eliminates the need for a gas-liquid separator and the loss of liquid
associated with it, Figure 35 contains a schematic of this type of jet
puipe The primary interest in the condencing jet-pump during this investi-
gation has been for pumping fluorine in a combined jet~-pump/conventional-

pump LFp/Lip system, wherein the LHp would be pumped with a conventional

9k
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Figure 35
Condensing Jet-Pump Schematic

Diffuser

Drive Noulo-—/
Mixing Section

Drive Fluid e—edu
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turbopunp. In the paragraphs that follow, the operating principles of
the condensing jet-pump will be revieved briefly, and the results of a
study using such a jet-pump in a combined jet-pump/pump LFp/LHp system

presented,

Referring to Fig. 35 , pump operation can be described as follows:
(1) The drive fluid is accelerated as it expands
through the drive nozzle,
(2) The drive fluid impinges on the suction fluid,
2 morentum exchange ensues, and the drive
fluié is condensed,
(3) The high-veiocity mixture of condensed
drive-fluid and suction fluid passes
through the diffuser which converts the

velocity to static pressure,

The usual method of computing jet puwp rerformance deals with five
"processes®s
(1) Flow of the suction fluid invo the mixing section,
(2) Expansion of the drive fluid,
(3) Xomentum exchange between the drive-fluid and
the suction~fluid,
(L) Condensation of the drive-fluid by the suctione
fluid,

(5) Performance of the diffuser,
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The ecuation governing the suction fluid flow is the standard:
ver = K3 VAP

where
vgg = suction-fluid velocity into the mixing section
K1 = constant of proportionality

AP = pressure drop

Similary, the equation describing the expansion of the drive fluid is

well known and has a good theorevical basis; it is:

K mn VDR

Vm

where

v = velocity of the drive fluid into the mixing section
K> = constant of proportionality

(Y

rive-fluid nozzle efficiency

An = drive-fluid enthalpy cnange through the nozzle
Matheratical description of the momentum exchange represents one of
the greater uncertainties associated with jet-puip calculations. The

conservation of mecmentum requires that the following equation be wvalid

in the nmixing chamber:

Wor Vo + Wep Vop = (ipp + Wiep)vy
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where

g = weight flowrate

= velocity of the mixture of suction fluid and condensed

aves the mixding section

Ym

drive=gas as it le

This eguation can be solved for Vm» giving -—

VnF + /lVy
Vm * Cy
1+ /u
where
Wy
{'IF

»
C; ™ jmpact coefficient

The impact coefficient i the big unknown; iv is, in effect, @& correc=
tion factor to bring the theoretical and experimental V'S into agree-

nrocess equation defines @ minimum value of

ment. The condensation-:

niyture ratio, /4 , that ;s required for condensation of the drive fluid;

it 18 ===

W Ohcoid ~ vige Cp OT
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where
Ohgoyp = enthalpy change as the drive fluid condenses,
DT = terperature change of the suction fluid
from storage conditions to mixing-section

conditions,
.The process in the diffuser is described by ===

Py = Bys * (/2 P vmz)rl 5

where

Pp stctic pressure at the diffuser exdt

P15 = mixing-section pressure

/D
7?D

density of the mixture

diffuser efficiency

frevious investigators (Fef. 9 and 10) have analyzed and experimented

with condensing jet-pups, but their efforts have concentrated on
rurping efficiencies and discharge pressures obtainable when using
veporized liquid to pwmp a liquid of the same kind. The effort of
this program is different in two respects:
(1) Gas-generator gases are used as the drive fluid,
(2) The jet-pump system is considered from an over-all
vehicle standpoint, rather than from the component

v’iew.
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The former consideration elimirates the problem of insufficient energy
being available for heating the drive fluid (when vapor is used). The
latter considcration focuses attention upon the relative over-all

performance of jet-pump systems,

It is epparent from the preceding discussion or the principle of the
condensing jet pump that the suction fluid (liquid fluorine) must be
sub-cooled before it mixes with the drive fluid (fluorine-rich gasSe
generator gases), since it rust absorb enough heat to condense the

drive fluid without becoming vaporized itself,

A mzjor problem associated with this concept is devising a method for
sub-cooling the liguid fiuorine which will be relatively simple and
lightweight., A simple scheme consists of using the liquid hydrogen
(vhich is pumped by a coﬂventio;al turbopurp) to cool the fluorine in
& heat exchanger, This is shown schematically in Fig., 36 . A brief
analysis was made to estimate the reguired heat-exchanger surface
area, The results indicated the required pressure drop for this con-
cept was excessive, Because heazt-exchanger size and weight are strong
functions of the particular heat-exchanger design, it was felt that a
better approach to use in evaluating the jet-pump system was to cone
sider the weight of the sub-cooling system as a paramefer. Thus,

the effect on payload could be shown as a function of the sub=cooling-
system weight, with the results being applicable to all types of sube

cooling systems,
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Notes:
1. Hy Turdbopump driven by combustion chamber tapoff gases,
2. F5 is stored btelow saturation temperature in main tank and then
cooled further in a heat exchanger,
3. G.G. operates at a very high mixture ratio. (~300)
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These results are shown in Figure 37 , These curves indicate Hh#t the
payload ;'zdvantage is for tne ccombined jet-pump/pump IF2/LHp system over
an all pressure-fed system as a function of velocity increment and
refrigeration=-system (sub-cooling system) weight. The refrigeration-
system weight is presented as a fraction of the total jetepump/pump
systen inert-weight, where iresrt weight includes: propellant tanks,
structure, pressurant, pressurant storage-bottle, thrust chamber,

injector, pumps, lines, valves, and control systems,

The system paraceters used for the combined jet-pump/pump system are
r.ot necessarily cptimun; optirization may result in lighter systems

and higher payloads,
The table below cescribes the two systems compared in Fige 37.

Jet—-Fumped/Pump System:

Thrust 10,000 1bs
Charber Pressure 90 psia
Area Ratio 130
Propellant Mixture Ratio (F3/Hp) 10
Gas-Generator Pressure 500 psia
Gas-Cenerator Mixture Ratio (Fp/Hp) 300
Suction Fluid Velocity 60 ft/sec
Mixing Section Pressure 1L.7 psia
Impact Coefficient 65
Thrust/Vehicle Gross Weight 0.5
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Pressure-Fed Systems

Thrust | 10,000 1bs
Chamber Pressure 90 psia
Area Ratio 130
Propellant Mixture Ratio (Fo/Hp) 10
Thrust/Vehicle Gross Weight 0.5

Subsequent pParagraphs discuss the significance of scme of the param-
eters listed above, and what effects their variations have on jet-pump

discharge-pressure.

Drive gases for the fluorine jet pump are supplied by the combustion
products of a fluorine /hydrogen gas—generator which operates at a
high mi>ture ratio (F2/H2). The high gas-generstor mixture ratio is
desirable for two reasonf:

(1) The gas-generator exhaust products contain hydrogen.
fluoride which is a solid at liquid-fluorine temper-
atures; the concentration of hydrogen fluoride
decreases with increasing mixture ratio, and it is
desirable to minimize the concentration of solids,

(2) The temperature and heat capacity (specific heat) of
the gas-generator exhaust products both decrease with
increasing mixture ratio, thus higher mixture ratios

facilitate condensation of the drive gas,
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To condense the drive gases, the suction fluid must enter the mixing
section in a subcooled condition, The amount of subcooling is-depen-
dent upon the heat capaciiy of the suction fluid, the jet-—pump
nixture-ratio 03 suction fluid/ﬁ drive fluid), and the energy level
of the drive gases. A fluorine storage temperature of =355 degrees F

was used in this study, Fluorine freezes at -365 degrees F,

Crive-nozzle performance was calculated using Rocketdyne's propellante
perfcrmance computer-program. The theoretical-minimum Jet—pump
mixture-ratio (obtained by an enthalpy balance across the mixing
section) was increased by 100% to insure the complete condensation of
the drive gases and to allow for the conversion of kinetic energy into
heat as the high-velocity drive-gases are slowed in the mixing section,
This corresponds to the 33% increase used in Ref., 10. The properties

of fluorine and fluorine/hydrogen combustion products dictate the higher

number, The diffusion process was assumed to have an efficiency of 90%.

Figure 28 contains a plot of Jei-pump discharge-pressure versus mixinge
section pressure for parametric gas-generator mixture-ratio, A4s can

be seen the pump-discharge pressure increases with an increase in
gas-generator mixture-ratio, A practical upper limit of gas-generator
mixture-ratio must be selected from mixture-ratio control and gas-

generator injection considerations, The curves in Fig, 38 are for

constant gas-generator pressure and consivant suction-fluid velocity. It
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Fluorine Jet-Pump Performance
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should be noted that, for a constant suction-fiuid velocity, an increase
in mixing-section pressure is accompanied by an even greater increase

in tank pressure and, therefore, tank weight,

Figure 39 contains a plot of jetv-pump discharge-pressure versus mixinge
section pressure for parametric gas-generator pressure, For a given
mixing-section pressure, a higher gas-generator pressure requires a
greater expansion of the drive gases., The greater expansion results

in higher drive-nozzle exit-velocity and, theréfore, higher pump
discharge pressure. An increase in gas-generator pressure 1s accome
paried by an increase in gas-generator propellant supply-tank pressure,
This causes an increase in the weight of both the gas generator and

its supply tanks. The gas-generator supply-tanks are quite small, |
however, and it ic possible that gas-generator pressures greater than
those presented in Fig, 39 are desirable, It may also be desirable to
pressurize the gas-generator supply-tanks with a cseparate pressurant
supply. The main-tank pressurant bottle could then be exhausted to a

lower pressure with a resultant saving of pressurant,

Figure 4O contains a plot or Jjet-pump discharge-pressure versus mixing-
section pressure for parametric suction-fluid velocity. A high suctione
velocity is desirable because it increases the efficiency of the
monentum exchange between suction and drive fluids. This advantage must,
however, be weighed against the higher main-tank pressure necessary to

obtain the higher suction-fluid velocity,
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Pump Discharge Pressure (psia)

Fluorine Jet-Pump Performance

V Suction = 60 fi/sec
Impact Coefficient = ,65
Irive Gas Mixture Ratio (Fo/Hp) = 300
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Purp Discharge Pressure (psia)

Fluorine Jet-Pump Performance

P Gas Cenerator = L00 psia
Inmpact Coefficient = ,65
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The momentum-exchange process between suction and drive fluids is of
primary importancé in jet-—pump operaiion. The final velocity of the
mixture of suction and drive fluids is obtained by applying an efficiency
or impact coefficient to the momentum-¢xchange process. The effect of
this impact coefficient on pump-discharge pressure is shown in Fig. W1
Previous experiments (Ref. 10 ) have obtained impact coefficients as

high as 0750

Shuttle-Feed Systems

The chutile-feed concept ;rovides a means of obtaining high chamber
pressures without using turbopumps. The shuttle-feed systems considered
are high chamber-pressure pressure-fed systems using Oz/Hz; the propellants
are expelled from emall hizh-pressure tanks by pressurizing with catalyti-
cally ignited 02/H2. This section cescribes their operation and presents
an analytical evaluation of the concepts. The three systems considered
ares |

(1) YNon-venting system (Fig. L2)

(2) Yon-verting system using pump-tank heat exchangers (Fig. L3)

(?) Vent-to-main-tank and arbient system (Fig. LL)

110

FORM 08 B (1 FDGER) REV. 1 38



Pump LCischarge Pressure (psia)

152

1Ll

136

128

120

112

104

96

Figo

Fluorine Jet-Pump Performance

V Suction = 60 ft/see
P Gas Generator = 100 psia

Drive Gas Mixture Ratio (Fo/Hp) = 300

L1.

- o7
_—T
/
,,/"’//’
//
”
//' .65
T
/1// _
1
///
/
1.6
/// Imnact
/,1' Ccefficient
P’//<l//’///
//
/
]
10 15 20 25

Mixing Section Pressure (psia)

Jet Pump, Discharge Fressure vs Mixing Pressure and Impact Coefficient

m




| rneranco sy - IROCK T DY NI rrce o or
| cneckeomy: b Flgg b2 leeromrno
| oave. - Shuttle-?ged, Method (1) _ MODEL NO.
27771 Propellant
Pressurizing Hot Vapor
7~ N
(] Exhaust Vapor /
Main
7 L7777 77777777 7777777
V4 4
A4 \J
Liquid- ] — Liquid-
Hydrogen -’Lf = L Hydrogen
Spray -‘-:./ 2 Spray
First Second
Purp GCas Pump
Tank Generatpr Jank

/////M]//////g//////ﬂl

To Chamber

112



MRROCIK ETIDYNE PAGE WO, or

PREPARED BY:

A DIVISION OF NORTH AMERICAN AVIATION, NG

CHEICKED BY: Fi&o 113 REPORT NO
pare: B "Topping” Shuttle-reed Schenmatie oot wo.
Main Tank

Tirst S S‘:‘:{ tle 7 L"; Second
Pump TL.I ve ﬂ Pump
Tank Tank
Eeat Heat
vehancdrr Cas mlychan~e
- Geheratdr

1o}

Jef

To Cha.mber

113



13

ROCKIZTIDYNE

PAGE NO.
[ Triraseo sv: A DIVIBION OF NORT AMERICAN AVIATION INC
CHECKED BY: Fig. lih ) MPORT NO.
pare, o _Shuttle-Feed Schematie mooeL wo.

Main Tank

S
10 ol

Vent [ ]l 10

.‘vtle ‘l-
First \\\] cecond
Pump Pump

Tank Gas Tank
Gereratpr

Ipi e

To Chamber

1L




IROCKETIDYMNE

A DIVISION OF NORTH AMERICAN AVIATION. INC

All three of these systems have the following features in common:
(1) A gas-generator (catalytically-ignited Op/Hp at 960°R)
(2) Shuttle valve --- to c;ntrol gas-generator flow
(3) Chreck valves in the lines trom the main tank --- to
stop reverse flow when pump tan<s aie being preésur-

ized by the gas-generator,

In the fcllowing discussion the first two systems are shown to be
infeasible; and the third is shown to be teasible., Operating character-
1stics of the feasible configuration (system 3) are discussed in more
cetail, and it is shown that apcroximately L% of the punped hydrogen must

be ventec overboard during system operation,

Operation of these three systems is similar and can be described as
follows (starting the cycle with both pump tanks filled)s
(1) Pressurant from the gas-gererator exgels propellant
from the first tank,
(2) Near deprletion of the first tank, the shuttle valve
is actuated to direct pressurant to the second tank,
(3) The pressure trapped in the first tank is reduced
(each system uses a different method) to allow the
pump tank to be refilled from the main tank,
(L) Year depletion of the second tank, the shuttle valve
is actuated to direct pressurant to the first tank ---

thus starting a new cycle,

ns
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The methods employed in each of these systems <5 reduce the pump=-tank

presgsure prior to refilling will now be discussed,

The non-venting system (system 1) sprays LH2 i=+io the tanks to cool the
pressurant; this LHp comes from the same high--~essure source which is
used for the gas-generator, Results of the anz.ysis for this systenm

(presented later in this section) indicate tha* the pressure cannot be

reduced suificiently to allow propellants to flow from the main tank,

The non-venting system using pu:zp{-tank heat exchangers (Fig. U3 ) passes
the pumped propellant from one pwip tank throusz a neat exchanger to

cool the hot pressurant in the other pump tank., The cooling of the
pressurant decreases the pump-tank pressure froz LOO psia to below the
main tank pressure of 50 psia, thus allowing the pump tank to be refilled

with liquid propellant,

The third systen (main-tank and anbient vent) recduces the pump-tank
pressure by first venting to the nain tank, then venting to ambient

pressure (vacuum) to further reduce the pressure, Analysis indicates

this concept could also work,

Subsequent paragraphs present the analyses and evaluations of these

three systems,
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The following symbols will be used in the calculations belows
£ (sibscript) = saturated liquid
v (subscript) = saturated vapor

T = temperature (°R)

P = pressure (psia)

v = specific volume (ft3/1b)

h = enthalpy (btu/1b)

hfg = heat of vaporization (btu/1b)

cp = specific heat capacity (btu/lb °R)

. In these calculations the main tank pressure is assumed to be 50 psia,
The pressurizing gas in the pump tanks is at a pressure of 600 psia and
a temperature of LOO°R where:
v = 3.65 £t3/1b
h = 1298,6 btu/lb

After the progellant has been expelled from the pump tank in Method (1),
an attempt is made to cool the hydrogen vapor to a saturation pressure
\ of LO psia where:
T (sat) = L3.5°R

hg = 88.0 btu/lb

y
hfg = 178.6 btu/lb

vy = L.72 £t3/1p
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The sprayed hydrogen is assumd to be at a saturation pressure of 15,0
psia where:

T = 36.6°R

cp = 2.25 btu/1b °R

vg = 0.2266 £t3/1b

The weight of the hyurogen vapor that is left in the pump tank after

the propeliant has been expelled is:

. E 4
Volume of Tank = 1.0 = 0,274 1b

mn
v at 600 psia and LOOCR 3.65

The weight of the liguid hydrogen that must be sprayed into the pump tank

so the hydrogen in the tank will be a saturated vapor at LO psia is:

m (h(600 psia, LOOCR) - hg(LO psia))

hfg(ho psia) + (cp(15 psia)) (Tggy o4 LO psia ~ Tsat at 15 psia)

0,27L(1298,.6 - 88.0)
178.6 + (2.25) (L3.5 = 36.5)

1,71 1b

Therefore the total weight of the saturated hydrogen vapor in the pump tank

at LO psia is:

x+m=1,98 1b
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But the volume that 1,98 1b of saturated hydrogen vapor at L0 psia

would occupy iss

Vaequired ™ 1+72(1.98) = 9,35 143

Since the tank volume is only 1,0 ft3, %t would be impossible to cool

the hydrogen vapor in the tank to a saturation pressure of L0 psia.

Similar calculations for a pressuring pressure of 100 psia, i.e., for a

lower chamber pressure, instead of 600 psia are as follows:

1.0
21,40

mﬂ

= 0.0468 1b

0.0L68(1297,2 - 88.0)

= = 0,291 1b
x 178.6 + 15-5 o

x+m=0,338 1b

Vrequired = Le72(04338) = 1.6 f£t3

Therefore, even if the pressurizing pressure is reduced to 100 psia, it

would be impossible to depressurize the pwp vanks to LO psia

The following calculations using hydrogen as the propellant and an 02/Hp

g8s generator show that the System ¢ is infeasible, These calculations are

based on a heat-exchanger efficiency of 100%.
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In Case (1), it is assumed that no mixing occurs between the cooled
hydrogen vapor in the pump tank (Point C in Fig. L5 ) and the entering
liquid hydrogen (Point F), For Case (2) it is assumed that complete

mixing occurs between the cooled hydrogen-vapor and the liquid hydrogen,
)

For Case (1), the hydrogen vapor at Point A will be cooled by the heat
exchanger to Point B in an isometric process and then to Point C in an
isobaric process (to an assumed temperature of 60°R). The part of the
pump-tank volwne that could be tilled by liquid hydrogen is 1.0 = 0,085/

0,170 = 0,50 or 50%.

For Case (2), the incoming liquid hydrogen at Point F will mix with the
hydrogen vapor at Point C with the final state point of the mixture being
Point G. Therefore:

Wg = Yg(hg - hg)/hpg = 0,265 W; 1bs

If no mixing occurs, the volume that 1.0 1b of W¢ 2nd 0.265 1bs of W

would occupy is:

W
C
V] = — + — = 5,95 ft3
1= = 5.95

If mixing occurs:

» W
¢ 3
Vo =—-(-}——-— = }.81 ft
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 eeraren wv, RO CK ET DY N E  ract wo.
CHECKED BYs j‘ig‘ hs REPORT NO.,
DATE, . TS Diagram for Hydrogen MODEL MO,
T
S
F 4
Point A Point F
P = 0O psia P = 50 rsia (saturated liquid)
T = 860°R T = 5, L°R
= 0,085 1b/frt3 = 1,0 1b/£t3
h = 2930 btu/lb h = 8L.5 btu/lb
Point G
Point B
sia (saturated vapor)
P = 50 psia 'r - hS ﬁ
T = 110°R = 0,263 1b/ft3
= 0,085 1b/ft3 h = 88,3 btu/lb
Point H -
Point C
P = LOO psia
P = 50 psia T = L8.S°R
T = 60°R - I,1L 1b/r¢3
= 0,17 1b/rt3 h = 68,6 btu/lb
h = 1341 btu/lb
Point I
P = LOO psia
T = 60°R

= 3,16 1b/1¢3
h = 26,2 btu/ld
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F o

“herefore, if mixing occurs, 1e0 = (0.5)(L.81)/5.95 = 0,596, or 59.6%

of the tank could be filled with liquid hydrogen. It now remaihs to
determine if the amount of liquid hydrogen passing through the heat
exchanger is sufficient to cool the pressurant to 60 R as was assumed in

+he above calculations, The liquid hydrogen at LOO psia (Point H) is heated
in the heat exehanger to Poinc I. The hydrogen coolant required for the

heat exchanger is:
Wy = Wp(hy = hg)/(hg = hy) = 5.60 1bs

=t only (0.596)(L.0) = 2,28 1bs of liquid hydrogen flows in one tank

cycle, therefore the hydrogen vapor at Point A cannot be cooled to Point C.
”

System.3 (Fige. Ll ) recduces the pump-tanx pressure by first venting to
the pressurant storage, and then to the ambient environment, A valve
(%o prevent propellant from the main tank from flowing overboard during
venting) is to be closed when the vent valve is opened; this valve could

2e mecnhanically linked to the vent valve,

“Wwo methods have been used to estimate the amount of main-tank pressurant
required during operation of system 3. The following additional symbols
will be used in this discussion:

weight of pressurant required (1lbs)

x:
y = weicht of vaporized propellant (1bs)
z = wyeight of liquid propellant

Tank pressure = 50 psia
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In Method 1, equilibrium is not obtained in the propellant tank (i.e.,
y = 0). When Tx = LOO®R
Vy = b2.69 ££3/1b

x =1.0/vx = 0,0234 1bs

In Method 2, y pounas of propellant vaporize to cool the hot pressurant x

to the saturation temperature of 2, .

Now
(X + Y)vy = loo + yvz

x(hx = by) = y(hgeg)

Therefore, since yvg = 0.0

1,0
Vy(l-o + (hx - hy)/hfg)

When Tx = LOO®R
Vy = 3.60 £t3/1b
hy = 1298.6 btu/1lb
hy = 88.3 btu/lb

hg, = 172.8 btu/lb

g
x = 0,0328 1bs

y = l.O/vy - X = 0,230 1lbs
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Results of both methods are shown in Fig, L6, Assuming that the incoming

pressurant temperature is 300°R, the weight of the required pressurant

would be between 0,030 1bs to 0,046 pounds depending on the measure of
equilibrium reached in the main tark, Figure L6 shows that the incoming
pressurant snould be (iooled to as low a temperature as vpossible to min-
imize the amount of hydrogen vented overboard, and vaporized propellant,
This could be accomplished by using a heat exchanger on either side of

the pressurant storage-tank,

Because the attractiveness of this concept is greatly dependent upon
cycle frequency (for higner fregquencies mean that smaller and lichter pumpe

tanks can be used), a brief investization was made to determine cycle rates,
4 _

The cycle rate and pump-tank volumes determine the obtainable propellant

flowrate of the system, The cycle rate for a set of two tanks is:
CR = 1.0/((ty + to + t3) DP)

Wheres

!

t1 time required to refill pump tanx with propellant
(sec) = Vol/AV

Vol = volume of one pump tank (£¢3)

A = cross-sectional area of 6"D pipe (0.196 ftz)

v = average velocity of rerilling propellant (20 ft/sec)

ts = time required to pressurize pressurant storage-tank =

0.1 Vol (sec)
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t3 = time required to vent pump-tank to atmosphere = 0,1 Vol (sec)

DP = delay period adjustment = 1,1

Results are shown in Figure U7. These results indicate relatively
large inlet lines (and valves) are requirea if pump-tank size and cycle

rate are to be reasonable.

In system 3 it was assumed that no heat transfer occurred between the
”

incoming hot pressurant and the liquid propellant in the pump tank, A

pressurant final temperature was assumed and the amount of pressurant

required to empty a full purp-tank was the weight of the saturated vapor

that would occupy the pump-tank volume,

In the following paragraphs, the results of the variation of the gas=
generator combustion temperature and the assumed saturated hydrogen-
vapor (prescurant).terperature were calculated considering heat transfer

between the pressurant and propellant.

A schematic of the system analyzed is snown in Figure L8 ., Results in
Table € were for a 5L0 deg. R gas-generator combustion temperature and an
assumed hydrogen vapor temperature of L0OO deg, R. Fisure L9 shows that
any change in the gas-generator combustion temperature has little effect
on the system results, if the assumed saturated hydrogen-vapor preséure
(after the pump tank is emptied) is constant. However, the weight of

hydrogen vapor that must either be vented to the main propellant tank
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Fig. L7. Shuttle-Feed, Cycle Rate and Pump-Tank Volume.
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TABLE 8

Identification and Results (for T¢ = 5LO°R, T = LOOR)

Symbol Identification Weight (1b)
a Licuid hydrcgen entering gas generztor 0,2062
b Liquid oxygen entering gas generator 0.0515
c Iydrcgen turned in gas genevator 0.006L
d Cxyeen turned in gas gererator 0.0515
e Erércren rressurant raquired te empty 0.1998

rurp tank
f HzC lezving gas generator 0.0580
£ TLicuid hydregen in yury tank varorized 0.C742
ty ot pressurant
h Cerurated hydreogen veror reraining in 0.27L0
rurgy vant after the rropellant has
teen erziied
4
i Precrellent rumped in one turp tank cycle L.339
3 Prcyellarnt required for gas generator Ce2577
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or vented overboard depends greatly on the assumed saturated hydrogen-

y
vapor temperature, It can be concluded that the pressurant temperature
in the pump tank should be maintained at as high a value as possible cox-

patable with system design for optirum performance of the system,.

The equations used in making these determinations are presented below,.

A mass balance of the gas generator gives:

a =c+e
MRgs = b/(c + e)
3 = a+b

The stoichiometric mixture ratio for coriplete combustion of hydrogen
and oxygen is 8,0,

Migr = 8,0 = d/c = b/c

MRGG = 8.0 c/(c + e)

¢ = e MRs5/(8 - MRgg)

f=ce+d
An energy and mass balance for the pump tank gives:

h=e+g

e (hg = hp) = g (hy = hy)
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As an example, each pump tank was assumed to be 1.0 ft3.

(e +g) vg = 1.0 |
g = 1.0/(vy, (1.0 + (hy = by)/(hg = By)))
e =1.0/w, - g

i =1.0/vy - g

DESIGN INVESTIGATIONS

The design investigations have been directed primarily at implexenting
rhysical integration of engine-system components. In some meacsure, this
has required the consideration of over-all engine-system configurations.
Metnods of integrating various components and subsystems of the basié
systems defined earlier have been inzestigated. Preliminary-design
layouts and/or concectuas sketches of the evolved concepts are presented
in this section, and their applicability within the scope of this program

is indicated.

Systens

Prelininary-design layouts have been made for a nunber of the selected

basic systems, both spacecraft and boosters. The purpose of these layouts
was to provide direction for component integration, and in some cases, to
illustrate a pasticular system concept considered in the analytical inves-

tigations,.
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=racecraft, Preliminary-design layouts have been made for representative
system configurations using conventional and advanced nozzles, Thesé include

zingle~shaft and dual-shaft turbopump systems,

Conventional Nozzles, Figures L9 and 50 contain layouts for space-

:raft systems using conventional bell nozzles,

e systen shown in Figure L9 is for a LOK NTO/50-50 engine, and is
sssentially based on system 302 (see Fig. 1L 10r schematic), This
Zigure depicts the over-all configuration associated with the following
I-tegration concepts:
(1) The 3-leg gimbal system, which integrates gimbal, thrust
structure and propellant inlet ducts,
(2) Thrust-charber vapoff for turbine gases,
(3) Integrated gas-zenerator start-system which integrates, start
tanks, gas-generators and several valves (Fig. 73 or 7h).
(L) Integral main-propellant valves and oxidizer igniter-valve

(Figs. £1 and €2),

-ne thrust from the engine is transmitted to the vehicle through the

tiree-leg gimbal system, The three-lez gimbal system consists of the
thrust chamber and struts with pinned or ball Joinis at each end, As
s~own in Fig. L9, the system allows the engine to be gimbaled about a

Foint which is approximated by the initial intersection of the struts,
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The gimbal point may be positioned as desired by hydraulically altering
the point of intersection of the struts., The .struts may be compression
members facing forward as shown or tension members facing rearward. In
the system shown, the propeliant inlet lines are integrated into the
gimbal struts. This allows the engine to be gimbaled about its C.G. more
readily (with less complication of inlet ducting), thus reducing actuator
loads. The integrated gas-generator start system is discussed further in

|
|
the section on subsystems and components,

This concept should be applicable to all the propeilants considered in
this program. For the cryogenic systems, the increase in heat-transfer
associated with the use of multiple inlet lines could make the concept
less desirable. There is no inherent thrust-level limit on the use of
this concept. However, its applicability to large booster engines will
be greatly influenced by the particular propulsion-system package, es-

pecially with regard to the use of advznced nozzles,

Figure G5C contains a system layout for a (OK Fp/Hp engine based on system
201 (Fig. 8 ). The over-all package is representative of other dual-
shaft turbopump systems such as 02/H2 systems‘ In this configuration the
turbopumps are mounted horizontally. The turbine-exhaust lines from each
turbine meet and flare into one line which dumps into a manifold at an

area ratio of o0, Turbine~exhaust gases are used to cool the nozzle beyond
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an area ratio of €0Q; the remainder of the charber is regeneratf;ely
cooled with a 1-1/2-pass system. The start tank (gaseous hydrogen
spin-start) is a toroidal tank mcunted on the thrust chamber at the
throat; it forms an integral rart of the structural reinforcement for

trhe throa*t. Integration of the sizable start-tark in this manner effects
a significant reducticn in packape size. This advantage must be

weighed against the asscciated fabrication pretlems.

Advanced Nozzles, Figures 51 through 55 contain layouts for

- I

csracecraft systems using advanced nozzles. aAll these systems are shown

with'a@hular nozzles, and toroidal corbustors (Ref. 11).

Fipure 51 is a laycut of a LOX 02/E2 engine bzsed on system 101

1 the associated

(Fife 3)s The ruwws, cyliniriczl start-tanks, and al
ccarenents are packaged witiin the centar of ire rnozzle, and are

enclosced in a rorous sircud wiiich is coeled Yy the turbine-exhaust

£ases.

e

Tre fuel and oxidizer are routed to the yump inlets through a c¢ylin-
drical manifold which is welded to the annular injector. Thic manifold
ie divided into a fuel and an oxidizer compariment by a lengitudinal

—<

member .
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The fuel is cdischarged from the punp, directed through the valve
package and enters the injector manifold through the high-pressure

lire running through the fuel compartment.

Figures 52 and 53 depict a possible configuration for the combined
rressure-fed,/rurp-fed Fo/Hp system discussed under Analytical Inves-
tigaticns. This design utilizes a centrifugal pump as a pressure source

for the fuel, end the oxidizer is prescure-fed by pressurizing the main

oxidizer tank with stored gas.

Tre fuel-puwrz wvolule is integrated into an annular manifold, which
envelopes the junz. The manifold receives the fuel from the purnp, directs
it through a écuble-wallaﬁ;xrkustion-chanber (as a coclant), and
supplies the anrular injector with the pump-fed propellaﬁt. The pressur-

>3 o the anrular injector throurh rultiple
J g P

b
*
(¢
[o7
g
{5
2
'.,J
™
D
it

+
n
mn
e
i
} 4
[N
4]

pcrpet valver rodially oriented and integrated inte the injector.

“ne turbine ter-off is taken frem the combustion chamber in four

equully sracsd rlaces, and subsequently exhausts its geses into the

Use of this cconeept should protatly be limited to spacecraft applica=-
tions, since the mayirum practical chamter pressure is not sufficiently
Ligh for rmost tocsier applicaticns. 1Its use is most attractive for

an easily-develored, ccrparatively-inexpensive Fp/Ho system; the ease

of developrerns and lcw cest result from no flucrine pump being required.
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Figures Sh and 55 show two system configurations for an NTO/50-50
system., These configurations feature complete integration of system
controls and valves into the thrust structure., The fuel-inlet duct

in Figure 5l uses a standard bellows. This reguires (for gimbaling)
that the duct have an elbow between two bellows which is structurally
undesirable. The configuration shown in Figure 55 uses the canted
bellows to improve the structural situation; use of the canted bellows

eliminates having a heavy elbow suprorted by bellows on both ends,

20osters. Prelirinary-design layouts of representative booster configura~

tions for dual-shaft and sirzle-shaft turtopurp systems are presented
in Figures 56 and 57 . Both systems use the aerodynamic-spike

rnozzle-concept (Ref. 11 ).

Tkéf§§5%§§i5§v?§gure 56 1is an 02/32 system, and is based on the system

103 configuration (Fig. 5 ). Four sets of turbtopumps (2 per set)
were used for this derign. Zowever, this should not be interpreted
as indiczting that this is necesszrily an optimum number; it was

selected as teing reprecentztiive of multiple-pump systems,
»

The four 102 pumps are attached directly to the bottom of the LO2
tank and their turbine exhauczt dumps directly into the secondary-flow
region. The four LH2 puzps are fed froz a single line which passes
through the center of the LO2 tank, Their turbine exhaust also dumps

directly into the secondary flow region. This arrangenent minimizes

inlet and exhaust ducting and provides a simple and efficient support
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for the pumps., Pre-valves for the LO2 pumps may be integrated into
the pump inlets, For the LH2 puzps, the pre-valves may be integrated
into the bottom of the LH2 tanks, using one valve for all four pumps;

A separate mein valve and tapoff line is provided for each pump.

The tapoff gas is removed from the chamber at the end plates (Fig. 58);
The need for a collector manifold along the length of the chamber and
tapoff ports through the tutes or main injector is thereby eliminated.
An injector is built into the end plate (to reduce the local mixture
ratio); it may be fed from the main chamber zanifolds. The propellants
injected into the end plates could comprise most of the tapoff flov.

This could minimize side flow from the main chamber into the end plates.

Figure 57 contains a preliminary-design layout of an OZ/PR-1 six-million
pound thrust engine which is based on system 401 (Fig. 20). This

design uses a single turbopump, which azain, is not necessarily optimum;
it was chosen to 2id in coasidering concepts cssociated with single

as well as multiple turbopump systieczs. This configuration integratess
(1) the puap-dischzrge manifolds and thrust structure, (2) the hypergol
cartridge and injector manifolds, arnd (3) turbine-drive power-source

and main combustor (tap-off concept). A cormparison of the sizes of

the standard six-foot maﬁ snown in Figure 57 and the main propellant
valves underscores the packaging advaMtace associated with the multiple-

poppet valve concépt (see Components section).
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In Figure 57 , propellants are discharged into toroidal manifolds

which encircle the tﬁrbopump. These manifolds distribute the pro-
pellants to nmultiple radial feed-lines thot tie into the annular injector-
ascembly. These manifolds also act as structural support for the turbo-
pump, and carry the thrust loads from the thrust chsmber. The main-
propellant-valve housings are integrated into these ranifolds. The

zain-propellant valves zre poppet-type valves,

The secondary flow required for the aerospike is otbained from the
turbine exhaust, This exhaust is discharged through the perforated
centerbody. This secondary flow also acts as a coolant for the

centerbody structure,

Figure 59 shows some details of the toroidal comdbustion-chamber and
coaxial injector. Fuel is discharged into the "fuel injector ranifold"
and flows throurh the combustion chaomber tube as a coolant., Similarly,
tie oxidizer is discharged into the "oxidizer injector manifold" and
flows directly throug: the cozxial injector. In Fig. 60, the hypergol
cartridge is chown mounted on the annular injector., The igniter-fluid
inlet-passage is integral with the aunular irnjector. The hypergol
cartridge can readily te replaced. Any nuzber of thece cartridges

can be used on an engine system to increase reliability,
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Components and Subsystems

In tre paragraphs tha* follow, tue various component and subsystem con-
cepts evolved and considered duriﬁg this progran are described and dis-
cussed. JSone of tuese concerts involve irte_ration of specific compon-
ents of tne selected basic systems, waile otners nave rmore general ap-

plicability.

Sropellant-‘ctuated Valves. Figures €1 turougn 66 contain prelimin-

ary desiin layouts of interrated :ropellant-actvated valves.

ned for use in a LOK

<

irure 61 and 62 were desi

A

TU/50-50 defined by tie scnematic for systes 307 (Fig. 19 ).

Fi,ure €1 depicts tne main control valve (iCV) whicn is an integrated
valve-nocicage containing tie main fuel-valve, tne oxldizer igniter-

valve, arnd a control solcnoid valve. The cperation of this valve can

test e understood Ly referring to tne opcrutionel sequence for system

30l {similar to system 307) in tne section on concert definition, and
followin; tre valve-opcration screnatic on figure 61 . Tnis is essentially
an in-line poppet valve. 7Tne gropellant flogs around a centerbody, which

is supvorted by tnree (or more) ribs. Tre popret seals in tne closed
position zyainst a soft metal seat. A comoined tellows and spring is

utilized coth as a dymamic seal and for clesing the porret.
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The control solenoid is enclosed in the centerbody. ilectrical leads are
wired tarough one of tae support ribs. The solenoid actuates a spool
valve, waicii is utilized as the oxidizer igniter valve. The igniter flow
passes turough tne support ribs. Tne vent port is connected to the

oxidizer pump inlet to prevent contamination and propellant loss.

Fi,ure 62 contains tie oxidizer valve for systgﬁ 307 (Fig. 19 ). It

is recalled trat tais valve is actuated by ignition-staie cnamber-
nressure (sensed at one of the propellant inlet manifolds). The valve is
closed by oxidizer-purp discharge-pressure wnen tne control solenoid is

de-cnergized at cutoff, This is shown schematically in Figure 63 .

~nese valve concepts are not inkerently restricted to lower thrust levels.
Tor large-thrust enpines, the suprort-rib size requirecd for passage of

tne i;niter-oxicizer flow may b: an lmportant consideration. Use of the
rain-control-valve concept witn cryogenic propellants may not be feasible

vecause of rossidle freecing resulting Irom tue igniter-oxidizer flow

cassing trroupn the rain fuel-valve.

#i_ures 6L and 65 contain preliminary design layouts of the main
oxidizer and main fuel valves for a 4ol 02/52 engine bzsed cn the

schematic for system 101 (Fig. 3 ).

Tne valve snown in Fipure 6l ic an oxidizer diaphragm-valve, a solenoid

15L
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control-valve, and a hot-gas actuator valve in a comnon asseisbly. This
packaring technique eliminates long feed lines, metal to metal connect

points ard rrovides a lightweignt corponent assemblye.

Tnis design erploys a circular ~etal disc as a diapnragm; it is sealed
around the periohery by a series of concentric serrations. To prrovide a
normally closed valve, tie circular metal disc is performed so it is
soring-loaded closed. Prior to opening, oxidizer rressure is applied
to toth sides of the metal disc. TFecause of tne area difference,

tne valve remzins closed vntil ignition-stage cuamcer-pressure (acting
on thne hoi-zas actuator) overrides tne closing Iforce. Valve closure at
cutoff is effected by main-lire oxidizer-pressure. This pressure is
directed to ti.e btack side of tue retal disc by opening tne solenoid
control valve. Tnis solenoic veive 1s a normally open valve.tnat is
energized (closed) by tne start sijnal. Zuring system operation, the

velve is closed and tre back sice of itre metal disc 1s ventec to the

suction side of the oxidizer puw.

-

The ain frel-valve for tre sarme sostem is shown in Fipure 65_. It is
sirilar in desizn Lo the main oxidizer-velve. In tnis valve, the fuel
diapnragn-valve, tne soleroid control-valve, and tne oxidizer igniter-
velve are packaged into a common assembly. The solenoid valve body and
the igniter valve body are part of tihe main fuel-valve cover. The igni-

ter valve is mechaniczlly linked to the main fuel-valve by a stem and
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poppet arrangement. A metal bellows is used to ensure a postiive seal

between the oxidizer igniter-valve and the main fuel-valve,

The main fuel valve is a normally closed valve due to the spring load
applied by the preformed metal disc. The fuel valve opens when fuel-
punp discharge-pressure acts upon the metal disc and closes when fuel

punp discharge pressure decays.

Figure 66 contains a preliminary-design layout of a novel concept
for a main propellant valve, This concept consists of integrating
the solenoid control-valve with a ;ain prope.lant valve. The pro-
vellant valve is a unique adaptation of a poppet vaive and a butterfly

valve,

The butterfly gate rotates to an open rosition wheﬁ the piston sleeve
moves aray from the ceat and rotates to a closed position when the
slceve roves towards the seat, The comvined transiational and rota=-
tional motion of the gate is accomplished by integrating a cam follower

in the gate rivot and engaging the cam follow€r in a nelical cam groove,

The solenoid valve body is part of the main propellant valve housing.
This packaging technique eliminates long feed lines, metal to metal
connect poinits and provides a liznt weight component assembly. The
solenoid valve is of conventional design and i1s used to pressurize or

vent either side of the piston sleeve,
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advantapeous for larce-engine syrstens naving n»rorellant
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Figure 68 snows how this concept could be used with a toroidal combustion

chamber; this is also shown as an incidental item in Figures 73 and 74 .

Figure €9 depicts a tyrical installation of this concept on a conventional

ttirust chamber.

This concept is applicable to &1l the propellant combinations considered
as a part of this program. is irplied previously, it is probably bene-

ficial only for larger-tnrust engines.

2ropellant-Velve/Turbopurp Concepts. These concepts are similar to the

m.ltiple ropret-velve concert in tnat tney too are vetter suited to
larger-thrust systems. Two concepts are shiown in Figures 70 ang 71 .
The cnaracteristic feature of both of tnese concepts is multiple flow-
passages, wnticn are distrituted along the periphery of the purps, thus
elirirating tne large propellent valves wnicn are chnaracteristic of
conventicnel systems wierein only one flow paszage from each purp 1is

rrovided.

Tne first of these concerts, termed the circvlar-geng quarter-turn ball
valve (Fig. 70 ), essentiz2lly consists of a numter of ball valves which
4

are linked togetier. Valve-aciuvation is efrected bty rotation of a single
&

"control" ball.
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The second gfncept, tne turbopump tall-bearing valve (Fig. 71), consists
of a numter of loosely retained balls. Valve closure is effected bty rota-
ting the ball retainer, whiicn depresses the undulate spring slipntly, allow-
ing tne vall to roll into tiie outlet port ana shutting off the flow. Open-

ing of tie valve is performed similerly.

Eachi of tiese Figures (70 and 71 ) contains an illustration sunowing now
tnis type of valve could te installed on a turtopurp. The use of this

concert witi the "cartriage" turbopump concert is shiown in tne next section.

Cartridre Integration Concept. The cartridge concert essentially consists

of aesiining corponents so they can te "plugged" into a nole. These holes
are parts of a commcr manifold and structural memter wnich has built-in
passages for the propellant flow. Tnus, tris concept tends to reduce

systen size and weignt by neving corponents "share" structrral elements.

Figure 72 shows the use of this concept in a multiple turctopurp system

witn a bell thrust-cnamber.

Fijure 72 depicts tne use of a certridge turtopurg with an advanced
arnular compustion cramber. Tne adaptatility of tnis concept to modular

packeging of a multiple-turtopump system is snown in rigure 7n .

This concept is not limited in arplication with regzra to propellants or

thurust level.
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Stsrt System Integration. T™wo nipnly-integrated start-system concepis have

been evolved for use in a multiple-start NTO/50-50 spececraft engine
(system 302, Fig. 1 ). These systens nave been sized on the basis of
five starts. ©BDotn start—;ystems utilize a bi-propellant gas-gencrator.
The unitized gas-ienerator start-system (Fig. 7b) integrates most of
the engine start-systenm into one inte;rated assembly. The main valves
and the tapoff checx valves are combined with tre injecwior. The oxidizer
start-tanx is spuerical and is motnied on tie injector as shown. The
fuel start-tank is an annular tank whiicn surrounds tne body of the gas-

generator.

Propellants are delivered to tne injector using vehicle-suppiied high-
pressure nelium. Positive-displacerent diaphragms isolate the propel-
lants from the pressurant. A& porous <nell in the vottom half of each

tank prevents trarping of propellants.

One control vort is reguived for operation. wnen gas er.ters this port

tne progeliants becore pressurized ana the main valves open.

"he inte;rated tirtine-spin start-system (Fip. 75) is a cormpact, highly
integrated start-s;sten whicn coulc utilize thne turbine inlet manifold as
ti.e gas-generator ¢ ~oustor (Fig. 76 ). Tne engine start-tenks and the

main valves are inte rated into one assembly whnicn pbolts onto tue turtine
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inlet manifold. Tne main valves are relief-cneck type valves. Wnen
pressure is applied to the start tanis, tne mein valves open and ig-

nition is accomplisned, since the propellants are nypergolic.

wnen tap-off pressure builds up in %.e tap-off line, tne main valves
' By e 53 ]

close, since they zre check valves.

»

This system could be designed with recharypeatle propellant tanks which

would maxe it sraller while providing unlimited restart capavility.

Tnis would, nowever, involve a reliatility degradation (see the section

on systen ratings).

Trese concepts are, of course, lirited to hypersolic propellant com-
binations, put could wita slignt mo:zification, be adarted to non-hyper-

golic combtinations.

Three-Leg Cimpal. Tre toree-leg gi—zal (Fig. 77 ) concept integrates

tre gimval bearing, tirust structuire, and rropellent iniet ducts. This
places the gimbal point clocer to iz ern;ire center of gravity, tnus

recucing the required actuator lozds.

The over-all features of tris concert are descrived, with regard to
Figure 50, in the section on spacecreft using conventional nozzles.

In tnis section, some of tne details of tie ccncept are discussed, namely,

(1) canted bellows, (2) ball joints for turust transmission, and (3) pinned

an
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Joints for thrust transmission.

The purpose of the canted vellows is to allow a flexible joint in a

propellant line to bend about axes other than the ones perpendicular

to the line axis., Figure 78 shows a conventional bellows and line

arrangerent., The propellant line and torque résisting axis is Y-Y,

The propellant line can bend about axis A-A and B-B without rotating

one half of the line relative to the other., The bellows acts as a

constant-velocity universal-joint. Assume it is desired to keep the

same bernding axes A-A and 3-B and torque resisting axis Y-Y, but change

‘ the propellant lines axis to X-X as shown in Figure 79 . This config-

‘ uration allows the propellant line to be rotated relative to the torque

resisting axis Y-Y. The bending and torque-resisting axes can now be

set up independent of the direction of the oropellant line, thus allowing

greater packaging freedom.

The bellows shown in Figure 79 are comparatively large. To reduce
the bellows size, the canted vellows shown in Figure 680 are used,
These bellows corbine the smooth propellant flow and small size of the

Figure 78 oellows and the vackaging freedom shown in Figure 79.

A brief discussion of how the canted bellows can be used to simplify
the inlet-duct configuration for Sysiems using other gimbaling methods,

appears in the section on spacecraft systers with advanced nozzles,
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Figure 81 contafns a layout of one of the three ball joints that
could be used to transmit the thrust while allowing the engine to gimbale
The ball joint shown in Figure 82 could be used instead, if it were

desirable to isolate the two moving-contact surfaces fraom the propellantse

A

Tigure 83 depicts an alternate approach, the pinned joint, or cardan
ring, This concept removes the bearing surfaces, and provides better

access for gimbal-bearing servicinge

As mentioned previously, this concept has no real applicability limitations
with regard to propellants or thrust level, but heat-transfer provlems

., associated with the use of multiple inlet ducts may make it less desirable

for systems using cryogenics.

Tubular Soherical-Cormbustor, The tubular spherical-combustor concept

(Fig. 8y ) is similar to tne toroidal-cormtustor concept (Ref. 12 )
This concept may be esrecially aprlicatle to low=thrust annular
engines.

Fioure 85 indicates how this spherical combustor could be used as 8

thrust-vector-control device «ith a fixed thrust chambere. The combustor

wonld be gimbaled while the thrust chamber remains fixed.
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Tan-off Methods. A orief investigation of possible methods of extracting

turbine-drive gases from large toroidal combustors was made. The intent
was to determine if other concepts could provide a greatér measure of
integration than the tap-off and plate concept (see discussion of 02/H2
booster system). It was assumed that these large (approximately 6M pounds

thrust) toroidal corbustors would be segmented.

There are two methods of tapping-off through the chamber wall. The
method shown in Figure86(a) consists of locally reducing the cross
section of the chamber tubes to form holes through which the hot gas can
pass. A collector manifold is placed on the outside of the tubes to
dire~t the flow to the turbines. The nain irnjector is designed to
give cool zas in the tap-off region. This arrangement takes advantage
of the cool region which is normally maintained near the tube wall, The
charoer weight is increased only by the amount added in the.collector
nanifold., During development, it will be necessary to move the tap-off
lo-ation several times to deterrine the propsr position. To change the
location, new chanber tubes.are necessary and an entire chavber and
injector assembly must be made. Attachinz the tap-off manifold to the

tube wall may also be a problem.

The method shown in FigureB86(b)is the same as FigureB86(a) except that a
solid wall is used in the tap-off area. The main feature of thesolid

vall is easy relocation of the tap-off holes. 0ld holes could probably be
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welded up and new ones drilled, The temperature is low enough in the

area of the so0lid wall to makg regenerative cooling unnecessary. The solid
wall provides a suitable attach point for the tap-off manifold. It is
possible, however, that in some applications the tap-off manifold will be
as large in diameter as the main chamber. This could easily cause packag=-
ing problems. The solid wall chamber should weigh slightly more than the

tube wall chamber, Fig.86(a).

Figures 87(a) and 87(b)how two variations of tapping-off through the
injector. These schemes have the advantage of not affecting the chamber

-
-

tubes. Tigure 87(a) has the tap-off opening flush with tne injector face,
This method is probably unsuitable, because some unburned propellant
could be taken from the chamber, and produce freezing or clogging in the

- tap-off lines,

In Figure 87(b) , the tap-off location is raised from the injector face so
cold prcpsllants do not enter the tube. The length and location of the

tube will have to be determined experimentally.

Passing not gas through the injector may have an undesirable effect on the
propellants. There should be no problems in attaching the manifold, but

packaginz of a large manifold may still be a problem. The modification of
local rixture ratio can be achieved as described for system 1. The weight

of these systems will be very close to that of system 1.
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: System 5 is the tap-off end plate (Fig. 88 ). The end plate is
utilized as a location for removing tap-off gase. Since all of the gas is
removed through one large hole, no collector manifold is necessarye. Several
variations of the tap-off end plate are possible. As shown in Figure 88 ,
the end plate has a baffle, a fuel injector and an oxidizer injector. With
this configuration, the total tap-off flow can be provided by the end
plate injectors. It is also possible to eliminate the oxidizer injector
and inject just enough fuel to cool off the tap-oif gas. The last method
would be to produce a fuel rich area by modifying the main injector pattern,
The paffle plate may be eliminated if desired, or one charier segment can

(3 be completely isolated from the other. There should be very little weight

| addition with this system, because there is no collector manifold and the

tap-off end plate should be about the same weight as the usual (assuming
a secmented combustor is used) cooled end plate. Since there is no

collector manifold, packaging problems should be minimized.

Based on the above discussion, it is concluded that the tap-off end plate
concept is the most eessily integraied of the conce ts discussed and is
probably the lightest. It should be noted that tre above conclusion is

not based on an exhaustive investigation, ard must, therefore, be considered

tentative pending a more detailed investigation of tap-off methods.

193

FOKM f70 B fL ek REV O SE




Ay

gg emdty

AlV1d dN3J

3FgNL  SNUOL

Sdi™LS  ™dOLDINNI

.
e
) Y0 0 Qg

) YO0 070 ¢

440-dVLl

(NLALAARALARAAAARRARERRAAARAAAR AR Y

S

e em e e ¥

L3Ny Yand

L3N "”3Z10WXOo

. | . 3Lvd  anufye

.

At o gt e ot bt

—r=

“ 13910 A~AO—AYXYL

198



ROCKETDYNE

A DIVISION OF NORTH AMERICAN AVIATION INC

ACKNOWLEDGEVYENT

Tre contributions of the numerous technical personrel at focketdyne tnat
hav: participated in this program, both in advisory and technical cap-
act...cs, are gratefully acknowledged. Among those providing consultation
arc zivice were: S. F. Iacobellis, S. R. Logan, £. J. Sobin and D.
Yorizco. Direct technical contributions were made by: D. Bachman, R.
Srerer, T. Cowell, T. Dea, H. lioche, J. :untsinger, H. “aeda, D. McGowan,

k. “rvoley, L. Fussell, W. Shuker, and Z. Sowell.

195



ROCKETDYNE

A DIVISION OF NORTH AMERICAN AVIATION INC

(2)

(3)

(L)

(5)

(€)

(7)

: REFERENCES

R. P. Pauckert, et al, Optimization of Operating Conditions for

¥anned Spacecraft Engines, Rocketdyne Report R-5375, December, 1963

G. S.Wong, et al, The Effect of Inlet Tangential High/Energy Fluid

Injection of Throttleable Rocket Engine Turbopurp Performance, AIAA

)

Paper No. 63-269, presented at summer meeting, June, 1963.

E. J.Rollbuher, et al, Ignition of a ilydrogen-Oxygen Rocket Engine

by the Addition of Fluorine to the Oxidant, JASA TID 1309, July, 1962.

D. L. Crabtree, Investigation of a Gas-Driven Jet Pump for Rocket

Engines, Jet Propulsion Center, Purdue University, Report No.F-62-1,

Jaruary 1962. Under Contract N CKR 1100 o7 .

D. G.Elliott, Investigation of a Gas-Driven Jet Purn for Rocket

Engines, Progress in Astronautics, Vol. 2, Acedenmic Press, New

York, 1960.

D. G. Elliott, Theoretical and Experimental Investigation of a

Gas-Oriven Jet Fump for Rocket Encines, Jet Propulsion Center,

Purdue University, Report No. 1-58-3, 195€. (CONFIDENTIAL)

L. P. Richard, The iffect of an Initially Large Internal Tempera-

ture Difference, and of Condensability of the Gas, on the Exit

Velocity for Two-Phase Flow of a lLiquid and a Gas Throu ht a Nozzle
q ’

M. S. Thesis, Jet Propulsion Center, School of ¥echanical Engineer-

ing, Purdue University, August, 1959.

196



ROCKETDYNE

A DIVISION OF NORTH AMERICAN AVIATION INC

(8)

(9)

(10)

(11)

(12)

G. R. Schneiter, Pressure Recovery for Single- and Two-Phase Flow

Through a Conical Diffuser with (a) Connected Pipe and (b) Free-

Jet FEntrance Conditions, M.S.M.E. Thesis, Purdue University, 1962.

R.N. James, Theoretical Jet Pump Performance of Some Common and

Uncommon Rocket Propellants, AFFTC-TR-€1-35, June, 1961.

, Analytical and Experimental Investigations of a Novel

Liquid Propellant Purping Concept, serojet General Report 7L09-OIF.

A. Martinez, et al, Aerodynamic Nozzle Study, Rocketdyne Report

R-5381, October 1963.

H. C. Wieseneck, et al, Final Report, Evaluation of Advanced Com-

bustion Chamber (Toroid), Rocketdyne Report R-3962, January, 1963.

197

FOKM FOB B (LEDGER REV. 1 58



